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manganese dioxide and carbon. 


INTRODUCTION 


There are several possible processes by which a 
voltaic cell might deteriorate on open circuit. Al- 
though direct self-discharge by diffusion of one or 
both of the reactants of the cell reaction to the 
opposite electrode system is a theoretical possibility 
for any cell, the reactants of the Leclanché cell are 
not sufficiently soluble for this process to be of 
consequence. It has been pointed out (1) that the 
assumption once held of the presence of an appreci- 
able concentration of tetravalent manganese com- 
pounds in the electrolyte is untenable. Hamer, 
Shrodt, and Vinal (2) showed that loss of water is 
an important cause of failure in dry cells, especially 
at high temperatures. They also showed that hy- 
drogen is produced in the cell at a slow rate, but 
continuously. Reaction of the hydrogen, produced 
from zine and electrolyte, with the manganese diox- 
ide would be an indirect self-discharge process, but 
this reaction either does not take place at ordinary 
temperatures (3-5) or is very slow and would prob- 
ably be retarded or inhibited by water (6). Reaction 
of manganese dioxide with ammonium ion and with 
carbon are both thermodynamically possible. It has 


ene 

oa been suggested that the former is important (7) 
ad but there was no detectable loss of available oxygen 
0 by manganese dioxide when heated with electrolyte 
he af or with carbon and electrolyte (8). Evidence was 
x iound of a small amount of reaction of manganese 
oe ‘ Manuseript received June 22, 1951. This paper prepared 
thetic ‘or delivery before the Buffalo Meeting, October 11 to 13, 
ne 950. Based on a thesis submitted by Charles W. Jennings 
there 0 partial fulfillment of the requirements for the degree of 


Doctor of Philosophy in the Graduate School of Arts and 
Sciences of Duke University. This work was carried out 
inder Contraet N6ori-107 with the Office of Naval Research. 

* Present address: Department of Chemistry, North 
Carolin State College, Raleigh, North Carolina. 


A Proposed Mechanism for Self-Discharge 
of the Leeclanché Cell 


CHARLES W. JENNINGS? AND W. C. VosBuRGH 


Department of Chemistry, Duke University, Durham, North Carolina 


ABSTRACT 


' A procedure was developed by which manganese dioxide electrodes can be reproduced 
within +0.005 volt with manganese dioxide prepared by precipitation or by thermal de- 
composition of manganese (II) nitrate. Carbon mixed with either type of manganese 
dioxide lowers the electrode potential when exposed to electrolyte. The reaction involved 
is probably electrochemical; it takes place with electrical connection between dioxide 
and carbon instead of actual contact if these are in contact with the same electrolyte. The 
reaction is explained as the release of oxygen at the carbon surface by the oxidizing ac- 
tion of the manganese dioxide. This explanation was tested by measurement of the oxy- 
gen concentration in a solution originally oxygen-free, but in contact for some time with 


dioxide and carbon at higher temperatures (2). This 
was confirmed in preliminary experiments in this 
investigation, but the reaction is very slow and 
unimportant under the usual conditions. Much more 
important is another indirect self-discharge process 
for which evidence is presented in this paper. Man- 
ganese dioxide in contact with carbon and electrolyte 
can react electrochemically to deposit oxygen on 
the carbon. Desorption of this oxygen, its diffusion 
to the zinc, and reaction with the zine complete 
the process. 


EXPERIMENTAL 


Preparation of manganese dioxide.—Two prepara- 
tions of manganese dioxide, designated below as 
I-MnOz and were made by precipitation 
from acid solution. One liter of potassium perman- 
ganate solution, 73 g/l, was added to 500 ml of a 
solution of 104 grams of tetrahydrated manganese 
sulfate and 53 grams of sulfuric acid at 85°C. The 
precipitate of I-MnO, was washed with water by 
decantation, then with a dilute solution of ammonia 
and ammonium chloride, and finally with water 
again. It was filtered and dried at room temperature, 
25° to 30°C. Analysis for available oxygen and total 
manganese gave a ratio of manganese to oxygen 
expressed by the fomula MnO, 91. 

Preparation II-MnO, differed from I-MnO, in 
that it was more thoroughly washed and was dried 
at 90°C. Analysis gave the formula MnQ, 97. 

Preparation III-MnO, was deposited electrolyt- 
ically on platinum wires from a solution of 50 
g/l of tetrahydrated manganese sulfate and 67 g/1 
of sulfuric acid at a temperature of 85°C and a 
current density of 3 to 10 ma/em?. 

Preparation IV-MnO, was made by decomposi- 
tion of manganese nitrate at 200°C followed by 
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heating in oxygen at 500°C. Analysis gave the for- 
mula MnQ, os. 

Preparation V-MnQ, was reagent-grade commer- 
cial manganese dioxide that resembled IV-MnQO, 
in appearance and was probably a synthetic ma- 
terial. 

Preparation of the electrodes..-Manganese dioxide 
electrodes reproducible within a few millivolts could 
be made with precipitated manganese dioxide if 
this was first well digested with the electrolyte to 
be used. The usual treatment was to stir a suspen- 
sion of the manganese dioxide in the electrolyte for 
24 hours, then to separate the dioxide by suction 
filtration. The resulting paste of solid and elec- 
trolyte, with or without the addition of carbon or 
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Ag. AgCl ELECTRODE 


———- SOLUTION ————_- 
‘ 19% NH,Cl 
9% ZnClo 


MnOo2 
OR 
MnO2 + CARBON 
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Fic. 1. Two forms of electrode vessel and the arrange- 
ment of the manganese dioxide electrode system. 


other materials, was compressed around the plati- 
num wire of the glass vessel of Fig. 1 with a pressure 
of about 500 Ib/in.” by means of a tightly fitting 
glass rod. The paste was then covered with electro- 
lyte solution, and the electrode was ready for meas- 
urement. The electrolyte was either 4N ammonium 
chloride and 1.5N zine chloride solution or 4N 
sodium sulfate and 1.5N zine sulfate solution with 
a pH value of about 4.6 in most cases. 
Measurements of the electrode potentials were 
made at room temperature against a silver, silver 
chloride, 1N potassium chloride reference electrode, 
which was 0.006 + 0.0005 volt negative with refer- 
ence to a saturated calomel electrode. Since .a zinc- 
silver chloride cell has an electromotive force of a 
little over a volt, the electrode potentials can be 
converted approximately to the corresponding ones 
against a zine electrode by the addition of one volt. 
The digestion of the manganese dioxide with the 
electrolyte was important. Omission of this step led 
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to much higher, less constant, and less rep: ducib), 
electrode potentials. This is illustrated by ‘he ty, 
curves for I-MnQ, in Fig. 2, the lower of , 
representing properly prepared electrodes. 

At pH 7, electrodes prepared in the above manne; 
were less satisfactory, and in more recent work 4) 
improved treatment has been devised. 

Solubility of manganese dioxide in the electrolyte — 
The possibility that an oxidizing agent such qx 
Mn**, capable of causing self-discharge through 
diffusion, could exist in the electrolyte, was invest) 
gated experimentally. Some was 
for 4 to 24 hours in an ammonium chloride-ziyy 
chloride solution and samples were withdrawn {o; 
analysis at intervals. No more than 2 - 10-5 equiva- 
lents/l of an oxidizing agent capable of oxidizing 
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TIME IN WEEKS 
Fig. 2. Electrode potentials of electrodes made of differ- 
ent manganese dioxide preparations (without carbon) and 
their variation with time. Dashed portions indicate a chang 
of electrolyte. 


iodide ion was found by the analyses. Digestion o! 
the dioxide and electrolyte at 100°C did not increas 
the concentration of oxidizing agent appreciably 
The concentration of this oxidizing agent was too 
small to account for self-discharge of a dry cell )) 
diffusion if the diffusion is assumed to take plac 
in accordance with Fick’s law, with a coefficient 0! 
the order of magnitude of 10~° 


Reproducibility and Constancy of Electrodes and Efe! 
of Different Manganese Dioxide Preparations 


Electrodes were constructed of several manganese 
dioxide preparations with ammonium chloride-2!\ 
chloride electrolyte at pH 4.6 to test the repro- 
ducibility of the electrodes and to provide a basis 
for comparison with electrodes containing othe! 
constituents. Variation of the average potentials 
of the electrodes with time is shown in Fig. * 
Each curve represents from one to five electrodes 
The reproducibility of eleetrodes made with equiv 
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lent aniounts of material treated in the same way 
at any given time was within +0.005 volt. Most 
electrodes varied little with time after once reaching 
, steady state. The breaks in the curves represent 
a change of electrolyte, usually with a slight increase 
in’ pH, since the acidity of the first electrolyte 
usually inereased a little as the electrode aged. 

Stirring the manganese dioxide with electrolyte 
prior to use in the electrode improved the repro- 
ducibility, and it also decreased the potential of 
the electrode considerably, as shown by the two 
|-MnO» curves of Fig. 2. Stirring decreased the 
pH of the electrolyte from 4.6 to 4.3, indicating a 
removal of some acid from the solid. 

Large differences in potential were obtained with 
different forms of manganese dioxide. The unheated, 
chemically precipitated form (I-MnQOz,) gave the 
highest potential. This type corresponds to the y- 
MnO» obtained by Cole, Wadsley, and Walkley 
9). More thorough washing and drying at 90°C 
[l-MnQz) gave a lower potential. Electrodeposited 
manganese dioxide (III-MnOz), also reported to be 
a y-MnO, for the conditions of deposition employed 
9 10), had an initial potential near that of the 
precipitated material. Pyrolusite (IV-MnQO:) gave 
a much lower potential than the above types. A 
‘commercial preparation (V-MnQO,2), crystalline in 
nature like pyrolusite, gave a potential close to 
that of IV-MnQOv. 


Effect of Carbon 


When carbon was mixed with the paste of man- 
ganese dioxide and electrolyte the electrodes had a 
lower potential than those without carbon. The 
potential of such electrodes decreased as the ratio 
of carbon to dioxide increased, as shown in Fig. 3. 
Except as otherwise noted, the carbon throughout 
the investigation was 50 per cent compressed Shawi- 
nigan acetylene black.’ In Fig. 3 the ratios are those 
of the volume of wet manganese dioxide to the vol- 
ume of dry carbon. They are approximate and only 
indicate the effect of the amount of carbon. In 
subsequent data when the ratio of manganese diox- 
ide to carbon is not indicated, it is one to one. 

The curves of Fig. 3 show a general pattern for 
the electrodes containing carbon. A large initial 
decrease in the potential occurs within a few hours 
before the first measurement), followed by a slower 
lecrease for a few weeks, and then a very slow de- 
‘rease for the remainder of the period of observation. 

Preliminary treatment of the carbon with an 
wid permanganate solution, or heating above 500°C 
lor 15 minutes prior to mixing with the manganese 
dioxide, did not prevent it from lowering the po- 


Ol tained through the courtesy of Shawinigan Products 
Corporation. 
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tential of a manganese dioxide electrode. This in- 
dicates that the change in potential is not caused 
by the presence of oxidizable impurities, but must 
be attributed to the carbon itself. 

Lowering of the electrode potential by carbon is 
not restricted to Shawinigan black. Other forms of 
carbon, namely graphite (both a highly purified 
variety prepared for spectroscopic use, and the 
ordinary commercial powdered form), Norite (ac- 
tivated carbon), and carbon taken from a com- 
mercial air cell, showed a similar effect. The effects 
of the various kinds of carbon were not of the same 
magnitude, however, as shown by Fig. 4. The curves 
represent the potentials of electrodes’ made from 
mixtures of 0.3 gram of carbon and 3 grams of wet 


ELECTRODE POTENTIAL IN VOLTS 


ZnCl, ELECTROLYTE 
I MnO, pH 4.6 


8 16 24 40 48 
TIME IN WEEKS 


Fic. 3. Effect of carbon (Shawinigan acetylene black) 
on the electrode potential. 


manganese dioxide. The amount of lowering varies 
directly with the probable adsorptive capacity of 
the carbon. 

Three different types of manganese dioxide, when 
mixed with carbon, gave electrodes with lower po- 
tentials than those without carbon as shown in 
Fig. 5. The effect of carbon is not as great with 
pyrolusite (IV-MnOz) as with the precipitated ma- 
terial (I-MnQO.), but appears to depend, qualita- 
tively at least, on the potential of the electrode. 
The effect was very pronounced with the manganese 
dioxide electrodeposited on the platinum wire (III- 
Mn0O.,), because there was a small amount of man- 
ganese dioxide in contact with a relatively very 
large amount of carbon. 

Little difference was found between electrodes 
with ammonium chloride-zine chloride electrolyte 
and those with sodium sulfate-zine sulfate elec- 
trolyte at the same pH, either with or without 
carbon. When the pH of the electrolyte was in- 
creased from 4.6 to 7.3 by the addition of ammonia, 
the electrodes with carbon still had a lower potential 
than those without carbon. 
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The potential of an electrode in which the carbon 
was separated from the manganese dioxide by an 
asbestos layer was not at all affected by the carbon. 

In an electrode of the type shown in Fig. 6 the 
carbon lay on top of the manganese dioxide with 
one platinum wire in contact with carbon only and 
other wires at different levels in the dioxide. Not 
only the dioxide in direct contact with the carbon, 
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I + GRAPHITE 


MnO, + SHAWINIGAN BLACK 


I Mn0,+ AIR CELL CARBON 


I MnO, + DARCO ACTIVATED CARBON | 


| 


NHgCl- ZnCl, ELECTROLYTE 
pn 46 
4 | | 4 
TIME IN WEEKS 


Fia. 4. Effect of different kinds of carbon on the electrode 
potential; 0.3 gram of carbon to 3 grams of wet MnO». 


ELECTRODE POTENTIAL IN VOLTS 


I | 
3 
> I MnO, + 
z 
Z | | | 
5 | | | 
IZ MnO, 
$ 
« 
~ 
NHGI-ZnClp ELECTROLYTE 
pH 46 
| 
oe 8 16 24 32 40 48 


TIME IN WEEKS 

Fic. 5. Effect of carbon (Shawinigan acetylene black) 
on electrodes made from different manganese dioxide 
preparations; ratio of carbon to MnO, approximately one 
to one except with IIIT-MnOs:. 


but also that at a distance from the carbon, de- 
creased in potential. The decrease at a distance 
from the border became larger with time. The 
potential of the electrode near the carbon border 
decreased at .irst, but then increased slowly with 
time. It soon became equal to the potential of the 
carbon, and the potentials of all electrodes slowly 
approached a common value for the remainder of 
the period of observation. 

The decrease in potential of electrodes A and B 
of Fig. 6 with time can be explained by what has 


JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


Aw, ust 1959 


been called rearrangement (11). Suppose the dioyiq, 
at the borderline becomes partially reduced 
later), then by the rearrangement process the pedy,. 
tion slowly travels downward. The potential of y 
electrode of carbon and electrolyte is alout (3 
volt, but because of its good conductivity all of th 
carbon soon acquires the potential of the dioxid, 
at the point of contact with the carbon. 

The behavior of this electrode system, in whic) 
there is only limited physical contact between th 
manganese dioxide and carbon, suggests that ther 
may be a reaction of an electrochemical natyy 
between the dioxide and carbon to account for the 
changes in potential. 

Carbon had little if any effect in lowering the 
potential of an electrode of manganese oxyhydroxide 
(MnOOH) and electrolyte. 
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Fig. 6. Experiment with carbon above the manganes 
dioxide and multiple platinum electrodes (A, B, C, and D 
at different levels. 


Two other conductors thought to be inert towar! 
manganese dioxide were tried in place of carbon 
An electrode of I-MnOz, and finely divided gold i 
either the chloride or sulfate electrolyte behaved 
like one of carbon and I-MnO,. An electrode ¢! 
precipitated platinum black and the chloride elec- 
trolyte gave a much lower potential than any of the 
electrodes with carbon and I-MnO:. The potenti! 
decreased rapidly with time and became negative 
with respect to the reference electrode. Replace- 
ment of the chloride electrolyte with the sulfate gave 
an electrode that behaved like one with a high ratio 
of carbon to dioxide. Longer length of smooth plati- 
num wire in contact with the dioxide had no effect 
on the potential of an electrode. This suggests that 
the finely divided platinum acts as a catalyst 0! 
some reaction in the chloride electrolyte, possibly 
the oxidation of ammonium ion by the dioxide. 

If there is a reaction of an electrochemical natu 
between carbon and manganese dioxide when they 
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are in physical contact, there should be a reaction 
also when they are physically separated but in 
electrical contact. A cell was made of separate 
manganese dioxide and carbon electrodes connected 
by a salt bridge of electrolyte. A minimum amount 
of carbon was added to the manganese dioxide 
electrode. This cell gave a measurable current when 
the platinum contacts of the electrodes were con- 
nected through a microammeter. The current passed 
from the positive manganese dioxide to the negative 
carbon and decreased to a small value as both 
electrodes approached the same potential. When 
the connection was broken the carbon electrode 
decreased in potential with time, approaching its 
initial value of 0.3 volt while the manganese dioxide 
potential increased slightly with time. Little change 
in the behavior of the cell was found when the sul- 
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Fic. 7. Cell composed of small electrolytic manganese 
dioxide electrode on platinum and large carbon electrode, 
ind its discharge curve. 


fate electrolyte was substituted for the chloride 
electrolyte. The greater the amount of carbon in 
the carbon electrode, the greater was the current 
obtained, and the greater the decrease in potential 
of the dioxide electrode. This is similar to the effect 
noted when carbon was added directly to the man- 
ganese dioxide in the electrode vessel. 

Fig. 7 illustrates a more quantitative variation 
of this experiment. An electrode made by electro- 


deposition of manganese dioxide on a platinum © 


wire (I1I-MnO,) using a total of 2.5 ma-hr of elee- 
tricity was connected to a carbon electrode con- 
taining a large amount of carbon. The potential of 
the dioxide electrode decreased from 0.66 volt to 
).48 volt in four hours, while that of the carbon 
increased from 0.26 to 0.48 volt. The discharge 
curve is shown in Fig. 7. About 0.16 ma-hr was 
obtained in the four hours. On the basis of a theoreti- 
cal capacity of 1.25 ma-hr (for discharge to 
MnOOH) 13 per cent of the capacity of the man- 
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ganese dioxide was consumed in four hours. Over a 
longer period of time the discharge continued slowly. 
This experiment, although made with a very large 
ratio of carbon to manganese dioxide, showed that 
the latter can be reduced electrochemically by car- 
bon. 

This was demonstrated in another way. Two 
electrodes were made by electrodeposition of man-" 
ganese dioxide on pure graphite rods under the same 
conditions as for I1I-MnO.. One was immersed in 
electrolyte and connected to a bare graphite rod, 
also immersed in the electrolyte, for 24 hours. Then 
both of the manganese dioxide electrodes were dis- 
charged in combination with zinc electrodes through 
external resistance which was adjusted to give an 
initial current of 0.8 ma or 0.1 ma/cm? of surface. 
The dashed lines in Fig. 8 give the current and 
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Fic. 8. Discharge curves for cells with electrolytic man- 
ganese dioxide cathodes (on graphite) and zine anodes 
showing effect of previous connection of the cathode with 
a graphite rod in presence of electrolyte. 


voltage changes on discharge of the electrode that 
had been connected to the graphite rod. The con- 
tinuous curves are the corresponding curves for 
the control electrode which was not so treated. This 
experiment was typical of several; electrodes that 
had been connected to carbon gave considerably 
less energy on discharge than control electrodes. 
Both the preparation of the electrodes and the dis- 
charges were carried out essentially as described 
by Ferrell and Vosburgh (11). 

Discussion of the effect of carbon.—There are few 
possibilities for oxidation at the carbon electrode. 
The most probable reaction is the liberation of 
oxygen. At the electrode potentials involved, the 
oxygen would be adsorbed by the carbon, probably 
by formation of a loose complex with the carbon, 
instead of being liberated as a gas. Carbon is known 
to have considerable capacity for adsorption of 
oxygen, and different carbons differ in their capacity 
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for adsorption, hence the differences shown in Fig. 4. 
The reactions involved in the liberation of oxygen 

can be explained best in terms of a carbon-man- 

ganese dioxide cell. In this cell, the reaction 


e~ + H* + MnO, — MnOOH 
may be assumed to take place at the positive and 
H.O + C — C(O) + 2H* 2e- 
at the negative, to give a net reaction of 
2Mn0, + C + HO — C(O) + 2MnOOH. 


The potential of the carbon electrode originates 
from the oxygen present. Krivolutskaya, Temerin, 
and Lukovtsev (12) found that graphite that had 
been evacuated to 10-° mm of mercury at 410° 
420°C gave an electrode with a negative potential 
with respect to a saturated calomel electrode as 
compared with about +0.3 volt for ordinary graph- 
ite. 

Any process that causes the oxygen to be removed 
from the carbon, or that renders the oxygen un- 
available for further action, should decrease the 
potential of the carbon electrode. When the elec- 
trode is connected to a manganese dioxide electrode, 
any oxygen lost can be replaced through further 
electrochemical action. One process by which oxygen 
could be removed from the carbon is desorption and 
solution of the oxygen in the electrolyte. By diffu- 
sion away it would be lost to the carbon. This 
process would be expected to be slow, and the rate 
might vary with different types of carbon. The 
slow decrease in potential of the carbon electrode 
on disconnection from the manganese dioxide elec- 
trode is understandable on the basis of this process. 

The same type of electrochemical action as in 
the manganese dioxide-carbon cell can be considered 
to occur when carbon and the dioxide are mixed 
with electrolyte and compressed in the electrode 
vessel. Here, however, they are in close contact and 
the solution path is very short so that the action is 
more rapid. This would account for the rapid initial 
decrease in potential of a manganese dioxide elec- 
trode on addition of carbon. The variation with the 
amount of carbon present is understandable, since 
the greater the amount of carbon present, the greater 
the capacity for taking on oxygen. The very slow 
decrease in potential observed for manganese dioxide 
electrodes, with or without carbon, after reaching 
steady-state conditions, indicates only a very slow 
loss of oxygen under these conditions. The desorp- 
tion and solution of oxygen would be expected to 
take place until the oxygen reaches its equilibrium 
concentration in the electrolyte. Any means by 
which the oxygen is removed from the solution 
would cause a continued decrease in potential and 
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loss in capacity of the electrode. Wins]. \ (13 
observed no oxidation of carbon by oxy dix 
solved in acid solutions at concentratioy, COrre 
sponding to oxygen pressures below 447 :ym. 


Effect of Zine 


When a piece of zine wrapped in filter paper was 
placed on top of the mixture of manganese dioxide 
and carbon in an electrode, the potential decrease; 
faster than a similar electrode with filter paper }y 
without zinc as shown in Fig. 9. This figure alg 
shows that without carbon there is also a decrease. 
but a slower one. 


TIME IN WEEKS 


Fic. 9. Effect of zine placed close to the manganese 
dioxide, but not in electrical contact with it. 


Zinc might cause a decrease in electrode potential 
by reaction with acid, which would increase the 
pH. However, even an increase in pH large enough 
to cause diammine zine chloride to precipitate woul 
not be enough to account for the decrease in po- 
tential observed. Daniel-Bek (14) observed that the 
corrosion of zine in an electrolyte is increased by 
the presence of manganese dioxide even when this 
is not in contact with the zine. 


Test for Oxygen 


If the formation and release of oxygen is the 
correct explanation of the loss in potential and 
capacity of a manganese dioxide electrode, then |! 
should be possible to detect oxygen in a solution 
previously freed of it and in contact with mai- 
ganese dioxide and carbon. Analyses were made 0! 
the oxygen content of such solutions by a voltam- 
metric method with the use of a stationary platinum 
microelectrode instead of a dropping mercury ele¢- 
trode and a large silver-silver chloride electrode & 
the anode (15). 

Several arrangements of manganese dioxide and 
carbon were used. In all cases the diffusion current, 
a measure of the oxygen content, increased wher 4 
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glution previously freed from oxygen was placed 
in contact With manganese dioxide and carbon, or 
varbon that had been in contact with manganese 
jioxide. One such arrangement is shown in Fig. 10. 
In the upper chamber were placed carbon rods half 
covered With electrolytic manganese dioxide and 
tied in a bundle by a platinum wire. A dilute solu- 
tion of ammonium and zine chlorides was freed 
from oxygen by a stream of nitrogen and then forced 
up into the upper chamber. Then a series of measure- 
ments of current and voltage between the platinum 
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CATHODE 
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NITROGEN = 
OuT 
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Ag, AgCl ELECTRODE 


N 
N 
Fig. 10. Apparatus for voltammetric test for oxygen in a 


solution previously in contact with manganese dioxide and 
carbon. 


and silver electrodes was made for a blank. After a 
period in contact with the rods the solution in the 
upper chamber was allowed to fall so that it would 
be in contaet with the platinum electrode, and the 
current-voltage curve was again determined. The 
results are shown in Fig. 11. The lowest curve is for 
the air-free solution. The two highest, dashed curves 
are calibration curves with the solution saturated 
with air. Obviously the method does not give good 
reproducibility. However, the solid curves for a 
“olution originally air-free that had been in contact 
with the rods in the upper chamber show an oxygen 
‘ontent of the order of magnitude of that of a solu- 
‘lon saturated with air. The higher curve was for 
iresh electrodes, the lower a second determination 
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after expulsion of the oxygen of the first. The con- 
tact with the rods was shorter in the second deter- 
mination, and there is no assurance that either of 
the curves represents the maximum oxygen con- 
centration attainable. It was considered sufficient 
for the present to demonstrate a concentration com- 
parable to that of an air-saturated solution. This is 
large enough to account for an appreciable rate of 
diffusion from one electrode to the other of a dry 
cell. 


40 DILUTE WNH,CI - ZnCl, 


AIR- SATURATED 


30) 
IN CONTACT WITH 
2 Mn0,- C RODS 
= 
z 20 j 
z ‘ 
CONTACT wiTH 
CARBON RODS 
© 10) 


NITROGEN ~SATURATED 


02 04 06 08 10 12 
APPLIED POTENTIAL IN VOLTS 


Fig. 11. Current-voltage curves obtained in testing for 
oxygen in electrolyte. 


CONCLUSION 


An explanation of one self-discharge process in 
the dry cell can now be suggested. Manganese 
dioxide, in contact with solution and with carbon, 
causes oxygen to be deposited on the carbon. In so 
doing, the manganese dioxide becomes reduced, and 
the potential of the electrode system decreases. 
Part of the oxygen on the carbon is desorbed, prob- 
ably slowly, and diffuses to the zine where it reacts. 
The oxygen lost from the carbon is replaced by 
further reduction of the manganese dioxide. Oxygen 
may also be lost from an active type of manganese 
dioxide directly to the solution at a slow rate. In 
the usual form of the dry cell it is only necessary for 
the diffusion of the oxygen to take place across the 
short distance from the exterior of the bobbin to 
the zinc in order to discharge the entire bobbin in 
time. 

In the self-discharge of the dry cell by this oxy- 
gen-diffusion process, different types of carbon with 
different capacities for adsorption, and perhaps dif- 
ferent rates of desorption, and different types of man- 
ganese dioxide with different potentials and strue- 
tures, would be expected to give different lengths 
of shelf life. 
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Any discussion of this paper will appear in a Discussion 8 
Section, to be published in the June 1953 issue of the 
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Reproducibility of the Manganese Dioxide Electrode and 


the Change of Electrode Potential with pH' 


Ricuarp JoHNson? AND W. C. VosspurRGH 


Department of Chemistry, Duke University, Durham, North Carolina 


ABSTRACT 


The reproducibility and constancy of manganese dioxide electrodes with ammonium 
chloride electrolyte were improved by pretreatment of the dioxide with ammonia, the 
dioxide used having acid properties. The electrode potential of such electrodes varies 
not only with pH, but also with the concentration of ammonium ion or free ammonia. 
The apparent change with pH when the ammonium chloride concentration is constant is 


larger than 0.059 pH. 


INTRODUCTION 


There is little information on the conditions neces- 
sary for reproducibility of the manganese dioxide 
electrode in solutions of low acidity. Drucker and 
Hiittner (1) attempted to compare different man- 
vanese oxide preparations by means of electrode 
potentials, and seem to have regarded 30 to 40 my 
as a negligible difference. Cahoon (2) was able to 
attain averages of four electrodes in the same elec- 
trolyte accurate to 5 mv with an African manganese 
lioxide. Ferrell and Vosburgh (3) found electrolyt- 
cally prepared electrodes neither very reproducible 
ior constant in electromotive force, although quite 
reproducible in discharge characteristics. Jennings 
ind Vosburgh (4) were able to reproduce electrodes 
of precipitated manganese dioxide in electrolytes of 
immonium and zine chlorides with a maximum 
variation of 5 mv. At the beginning of the present 
nvestigation electrodes made with a different man- 
ganese dioxide preparation than used by Jennings 
and Vosburgh and an electrolyte of higher pH were 
less reproducible than this. Consequently a further 
study of conditions necessary for reproducibility 
vas undertaken. One cause of variability and in- 
onstancy of electrode potential has been found to 
be a slow exchange of protons from hydrated man- 
ganese dioxide and cations from the electrolyte, with 
conversion of part of the manganese dioxide to a 
salt form. When this reaction is brought to an 
approximate equilibrium by preliminary treatment 
of the manganese dioxide, electrodes are much more 
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reproducible and more nearly constant than other- 
wise. 

The partial neutralization of the manganese diox- 
ide should have an effect on the change of electro- 
motive force with pH. It has been assumed in the 
past that the variation of the electrode potential, 
FE, with pH should be given by the equation 


kpH 


E = — (1) 
in which £° is constant and k is 0.059 volt per unit 
change in pH within the temperature range 22° to 
27°C. Some of the more recent experimental results 
for k have been higher than 0.059. Daniels (5) 
found 0.075, Thompson (6) 0.07 and 0.10 for natural 
and artificial manganese dioxide, respectively, and 
Cahoon (2) 0.0608 at 27.5°C for a West African 
pyrolusite. McMurdie, Craig, and Vinal (7) found 
0.06 for k from pH 6 to 10 and a value of 0.12 in 
more acid solutions. Drotschmann (8) also found a 
difference between the acid and alkaline ranges 
with smaller values of k than the above. 

If an unknown fraction of the manganese dioxide 
is hydrated and has weak acid properties, the com- 
position may be represented by the formula 
H2MnO;-:2MnOs, with one of the hydrogen atoms 
replaceable. The reduction of the corresponding 
ammonium salt to manganese oxyhydroxide can be 
represented by 


NH,(HMnO;:2MnOz) + + 1)H* + 
(x + lle > (2 + 1) MnOOH + NH; + H,O 


and the dependence of the electrode potential on 
the various activities should be given by 


E=jE 4 aaa log R — 0.059 pH 
0.059 at) 
log (NH;) 


in which FR represents a ratio of activities of man- 


‘ 
be 
+ 
wt 
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ganese dioxide and the lower oxide and (NHs;) 
represents the activity of free ammonia. At constant 
R the electrode potential should vary not only with 
the pH but also with the logarithm of the free 
ammonia activity. The latter at constant ammonium 
ion concentration must vary with the pH. There- 
fore, a variation in F of more than 0.059 ApH 
would be expected. The excess variation above 0.059 
ApH should depend on x which in turn should be 
characteristic of the particular manganese dioxide. 
If x should be very large, corresponding to negligible 
acid property, the variation in E should be 0.059 
ApH. This theory is independent of what particular 
lower oxide is assumed as the reaction product, 
provided the lower oxide does not react appreciably 
as an acid. 


EXPERIMENTAL 


The manganese dioxide used in most of the ex- 
periments was prepared by reaction of manganese 
sulfate and potassium permanganate in acid solu- 
tion (4). A half-mole batch was washed by nine 
half-liter portions of water. In the last six washings 
the precipitate was stirred with the wash water on 
a steam bath for an hour each time before filtering 
through hardened filter paper. The last wash water 
was neutral to litmus and gave no test for sulfate 
ion. After the washing, the manganese dioxide was 
dried at 100° to 110°C for 48 hours. Analysis by the 
arsenite method for available oxygen (9) and the 
method of Lingane and Karplus (10) for total man- 
ganese gave the formula MnQ, 947 and a calculated 
water content of 9 per cent. 

This preparation was used in a few experiments 
by Jennings and Vosburgh (4) and was designated 
by them as II-MnOQ>. Their similar I-MnQO, was also 
used in this investigation. It differed from II-MnO, 
in having been less thoroughly washed, but was 
washed with an ammoniacal solution before final 
washing with water. 

An artificial pyrolusite was made from purified 
manganese nitrate by the method described by 
Kelley and Moore (11). Analysis gave the composi- 
tion MnQ,.9ss, with practically no water. 

Electrodes were made as described by Jennings 
and Vosburgh (4) except that the vessels were of 
smaller diameter and the electrolyte contained no 
zine chloride and had a pH of 7 or above. Essentially, 
the procedure consisted of a preliminary digestion of 
ihe manganese dioxide either with the electrolyte 
or as otherwise noted, followed by compression of 
the mixture of manganese dioxide and electrolyte 
around the platinum wire of the cell vessel with a 
pressure of about 500 psi. More electrolyte was 
placed above the manganese dioxide. The electrode 
potentials were measured at room temperature (21° 
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to 26°C) against a single reference electro» Which 
was moved from one vessel to another. Ti\e pofey. 
ence electrode was checked frequently ayaingt , 
saturated calomel electrode, and electrode px tentia) 
are expressed as against the saturated calomel elec. 
trode. The pH of the electrolyte was measured }y 
means of a glass electrode and should be religh} 
to +0.02 pH. 


RESULTS 
Ion Exchange Experiments 


The electrodes so made with IIl-MnOy, were Jey 
reproducible and constant than the similar ¢le:. 
trodes made with I-MnO,. by Jennings and V4. 
burgh. In agreement with the previous work the 
digestion of the manganese dioxide with the elec. 
trolyte was found to be an important part of the 
process. When this was omitted the potentials wer 
much too high initially, and the electrolytes became 
lower in pH as the potential decreased. Even wit) 
the digestion procedure the electrode potential was 
too high at first. It decreased over a period of several! 
days before becoming more nearly constant, and tie 
pH of the electrolyte also decreased. The changes 
were such as might have been caused by an acid 
impurity in the manganese dioxide which diffused 
out slowly. However, because of the thorough wash- 
ing of the manganese dioxide, the presence of enoug) 
acid impurity to account for the variation was 
improbable. Liepatoff (12) has explained the ad- 
sorption of salts by manganese dioxide by assuming 
that the hydrated oxide is a weak acid which can 
exchange protons for cations from the solution. 
Experiments showed that the manganese dioxide 
used in this investigation also behaved as a weak 
acid. 

Half-gram samples of Il-MnQy» were treated wit) 
50-ml portions of solutions in which the sodium 
hydroxide concentration varied from 0.001 to 0.020\ 
and which contained sodium chloride for preventio! 
of peptization. After 48 hours, during the first bal 
of which the flask was shaken occasionally, 10-n! 
samples of the supernatant liquid were run into 
25-ml portions of 0.01N hydrochloric acid and the 
excess acid was titrated with 0.01N sodium hydrov- 
ide to the methyl red end point. The base consume(, 
in millimoles per gram of manganese dioxide, 2 
plotted against the mean activity of the sodium 
and hydroxide ions in the solution at equilibrium 
to give the upper curve of Fig. 1. A similar series 
of experiments with I-MnQO, gave the lower curve 
Activity coefficients for sodium hydroxide give! 
by Harned and Owen (13) were used. A few similar 
experiments with II-MnO, in solutions of ammon 
and ammonium chloride were made, but the en! 
points of the titrations were less definite and erro! 
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larger. !he data are plotted as the short curve of 
Fig. |. 

The adsorption of sodium hydroxide by man- 
sanese dioxide, like that of bivalent cations by iron 
III) hydroxide (14), can be considered an ion 
exchange reaction. Fairly satisfactory results were 
obtained in the application of a mass action expres- 
sion. When an adsorption experiment was tried with 
the pyrolusite described above, no ammonia was 
«onsumed, in agreement with the fact that the 
pvrolusite contained no hydrogen. Manganese oxy- 
hydroxide (prepared by oxidation of Mn** ion by 
persulfate at pH 8 and 70°C) adsorbed one-sixth 
as much ammonia as the precipitated manganese 
dioxide. Whatever the structure of the oxyhydrox- 
de, it should be a weaker acid than hydrated man- 
vanese dioxide and neutralize less ammonia of a 
given concentration. The smaller exchange capacity 


T-Mn02 
MnO2 ,NH 
20.6 
E 
$0.2 
| 2 3 4 


Meon activity of and OH™ XI0*, or (NHs) 


Fig. 1. Base consumed by manganese dioxide as a func- 
ion of the mean activity of sodium and hydroxide ions, or 
he ammonia concentration. O—0.1M NaCl; @ —0.5M 
NaCl; @—1.0M NaCl; and A—0.1M NH,Cl. 


f l-MnO,z can be explained, at least in part, by 
the treatment with ammonia during the washing 
process. 

The maximum exchange capacity of II-MnO, 
cording to Fig. 1 was about 1.05 milliequivalents 
per gram. From the composition of IIl-MnQOs, given 
ibove, it was calculated that there was 10.2 milli- 
oles of manganese dioxide per gram, and therefore 
ne equivalent of available acid hydrogen to 9.7 
moles of manganese dioxide. This suggests a reac- 
lion predominately on the surface. Evidence is given 
ater that the exchange was probably incomplete in 
the time allowed. 


Reproducibility of Electrode Potential 


On the basis of an ion exchange an explanation 
in be suggested for the variation of electrode 
potential and pH in new electrodes. When man- 
sanese dioxide is packed around an inert electrode, 
liffusion to and from the main body of the electro- 
‘yte is hampered. If complete exchange equilibrium 
as not been attained previously, the exchange 
Proceeis locally causing a decrease in pH within 
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the electrode system, and the electrode potential 
is higher than corresponds with the pH of the out- 
side electrolyte. Diffusion of the acid to the outside 
electrolyte brings about an increase in the pH within 
the electrode system with decrease of the electrode 
potential, and then further exchange takes place 
because it is favored by the higher pH. Because 
of the slowness of diffusion and the possibility of 
further exchange as diffusion proceeds, slow changes 
over a period of time may be expected. 

This is illustrated in Fig. 2. The curve labelled 
1-3 gives the average electrode potential over a 
four-month period of three electrodes made of II- 
MnO, without digestion with the electrolyte, or 
other pretreatment. The upper curve, 4—6, is the 


| 
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Fig. 2. Variation with time of the electrode potentials 
of manganese dioxide electrodes (against the saturated 
calomel electrode) for different treatments of the man- 
ganese dioxide. 


record of three other electrodes made similarly, 
but with much less electrolyte; a piece of glass rod 
replaced most of the electrolyte in the vessel. The 
electrolyte of both groups was originally at pH 
7.40, but after 5000 hr the pH was 6.65 in the com- 
bined electrolyte of cells 1-3 and 2.78 in the much 
smaller volume of electrolyte in cells 4—6. When 
manganese dioxide was stirred with some of the 
electrolyte for 24 hours prior to making the elec- 
trodes, the electrode potential was much lower and 
more nearly constant (curve 7-8), in agreement 
with previous work (4). Even with this treatment 
the potential decreased considerably in the early 
part of the period of observation, and the pH after 
5000 hours was 6.59 instead of 7.4. The curve 
labelled 26-29 represents three electrodes made with 
manganese dioxide previously digested for 24 hours 
in a solution 1M in ammonia and 0.1M in am- 
monium chloride and then washed well with the 
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electrolyte to be used. These electrodes were the 
most satisfactory of all with respect to initial change 
and constancy. They still showed evidence of the 
release of some acid to the solution, as the pH after 
1000 hours was 7.18. Experience with a number of 
similar electrodes showed that the reproducibility 
was always good. Many groups of four similar 
electrodes had average deviations in potential of 
one mv or less for periods of several weeks. In a 
few cases in which larger differences developed after 
a time it was found that they could be accounted 
for largely, at least, by differences in pH. 

It may be concluded that an important condition 
for the making of reproducible and constant man- 
ganese dioxide electrodes is that the manganese 
dioxide be brought to exchange equilibrium with 
the electrolyte. This cannot always be accomplished 
in reasonable time by simple contact between the 
manganese dioxide and the electrolyte in the type 
of electrode used in this investigation. An approach 
to equilibrium conditions can be made by pretreat- 
ment of the manganese dioxide with a solution 
considerably more alkaline than the electrolyte. 


Change of Electrode Potential with pH 


The theory represented by equation (II) was tested 
by the construction and measurement of a series 
of electrodes in which both the ammonium chloride 
concentration and the pH varied. Electrolytes were 
prepared with ammonium chloride concentrations 
of 2.0, 0.5, 0.1, and 0.01 mole/| and, for each am- 
monium chloride concentration, three or four differ- 
ent ammonia concentrations to give solutions of 
pH 7, 7.5, 8, and 9. Four electrodes were prepared 
with each of the electrolytes. The manganese dioxide 
was pretreated by digestion for 24 hours at room 
temperature in a solution of 1 mole/1] of ammonia 
and 0.1 mole/l of ammonium chloride. 

The electrode potentials over a period of 26 weeks 
are given in Table I. Each value is the average of 
four potentials with an average deviation in most 
cases of about one mv. The pH values given are 
those found by measurement of the combined elec- 
trolytes of the electrodes in question. 

The pH values in the table were those determined 
after the first four weeks for all but the first two 
groups of cells. The electrolytes of the first two 
groups at this time had increased in pH from initial 
values of 7.0 and 7.5 to 7.46 and 7.76, respectively. 
All others had decreased by an average of 0.28 pH 
with only three values outside the range 0.28 + 
0.10. All electrolytes except those of pH 8.7 were 
replaced by fresh electrolytes after the four-week 
electromotive force measurement and 16 weeks later 
these were removed and tested, following the 20- 
week electromotive force measurements. The 
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changes had continued, although the averag: change 
calculated for a four-week period was less tha 
before. The change still continued when a secon, 
fresh electrolyte was added. These changes sugges 
that in most of the electrodes complete exchange 
equilibrium had not been attained in the pretreay. 
ment and that the exchange continued at a gloy 
rate for a long time. 

Since the measurements in the two last columps 
were usually not made at the same pH as the four. 
week measurements they were corrected to the same 
pH by the use of data to be given later. Half of 
the corrections were less than 10 mv and the other 
half varied from 10 to 45 mv. Because of the ¢oy. 
rections these values must be considered less reliah|p 


TABLE I. Variation of electrode potential with pH and with 
time 


Electrode potential, volts 


oH 

0.01 7.46 | 0.503 0.503 0.507 0.510 | 0.518 0.5% 
0.01 7.76 0.484 0.483 0.485 | 0.491 0.498 0.50) 
0.01 | 7.88 | 0.477 0.479 | 0.480 0.484 | 0.468 0.47 
0.1 | 6.94 | 0.527 0.529 0.531 0.535 0.5387) 0.523 
0.1 7.27 0.517 0.518 0.518 | 0.521 0.500 0.5m 
0.1 | 7.66 | 0.487 0.484 0.484 0.484 0.459 0.465 
0.1 | 8.72 | 0.444 0.409 0.406 | 0.402 0.371 0.365 
0.5 6.66 | 0.557 0.557 0.556 0.556 0.523 0.58 
0.5 | 6.90 | 0.537 | 0.536 | 0.536 | 0.537 0.517) 0.512 
0.5 | 7.76 | 0.489 | 0.474 - 0.470 | 0.444 0.44 
0.5 | 8.70 | 0.449 | 0.405 | 0.396 | 0.392 0.351 0.360 
2.0 | 6.62 0.538 0.534 0.534 | 0.530 0.510 0.50 
2.0 | 7.18 | 0.520 0.498 | 0.497 0.498 | 0.481 | 0.473 
2.0 | 7.70 | 0.481 0.464 | 0.464 0.463 | 0.432 0.43! 
2.0 (8 — | 0.392 | 0.380 | 0.337 0.34 


.76 0.440 


than the others, but only qualitative conclusions 
are based on them. The data for the first, second, 
and fourth groups are exceptions, and their slightly 
different treatment is described below. 

Most of the electrodes were fairly constant in 
electrode potential during the first four weeks, bu! 
decreased between four and 20 weeks. This decrease 
is discussed later. The best constancy was observed 
for the solutions of lowest pH and for the solutions 
of higher pH when the ammonium chloride concet- 
tration was not too high, although as mentioned 
above, the pH changed, indicating continued e- 
change. There was an indication of excessive pre- 
treatment for the 0.01 mole/] ammonium chloride 
electrodes, since the electrolytes became more l- 
kaline than originally. 

The electrodes of pH 8.7 to 8.8 (originally 9) 
were more variable than any of the others and neve! 
came to satisfactory constancy. The data for these 
electrodes were omitted in the interpretation of the 
results. 
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Fig. 3 shows the electrode potentials plotted 
against the measured pH. The potentials plotted 
were the four-week values (or averages closely agree- 
ing with these) except for the first, second, and 
fourth groups. Since these increased in electrode 
potential at first, it was considered that the maxi- 
mum values were least in error. In each case, the 
pH measured at the time of the accepted electrode 
potent ial was used and is the value given in Table I. 

The points for each different concentration of 
ammonium chloride in Fig. 3 lie on a different 
straight line. This is evidence that the electrode 
potential is dependent on some other factor than 
»H alone. The average slope of the lines of Fig. 3 
; 0.075 volt pH unit. The slope of the 2-mole/] 
line is 0.062, that of the 0.01-mole/] line 0.082, and 


Si the other two 0.077 volt pH unit, but reason is 


siven later for thinking that these differences are 
not significant. 


EMF-Vo.ts 


65 70 75 a0 
pH 


Fig. 3. Variation of electrode potential with pH in solu- 


ons of ammonium chloride concentration of 0.01, 0.1, 0.5, 
nd 2 mole/I. 


From Fig. 3 it may be concluded that the varia- 
tion with pH does not follow equation (1), because 
ot only are the slopes too large, but the electrode 
potential depends on the ammonium ion concentra- 
tion (or alternatively on the free ammonia concen- 
(ration) as well as on the pH. These two facts are 
jualitatively in agreement with equation (II). 

Equation (II) can be tested quantitatively by the 
plotting of (EF + 0.059 pH) against log (NH;). 
then, if R is constant the points should fall on a 
traight line of slope 0.059/(2 + 1). Such a plot is 
shown in Fig. 4. The free ammonia activity (NH;) 
vas calculated from the acidic dissociation constant 
{ ammonium ion (15). Activity coefficients for 
immonium ion in 0.01, 0.1, and 0.5 mole/l am- 
monium chloride from freezing point measurements 
\6) were used without correction to 25°C since the 
hange with temperature is small (15). For the 2- 
mole | solution the activity coefficient was estimated 
vy extrapolation with the help of the activity co- 
‘ficients of rubidium and cesium chlorides (17). 

lig. 4 reveals a dependence of the electrode po- 
‘ential on the free ammonia concentration, if the 
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pH dependence is assumed to be the theoretical 
one. The data can be accounted for satisfactorily 
by equation (II). The experimental points are reason- 
ably close to the line, considering the difficulties. 
An error of 0.04 pH, for example, since it would 
affect both coordinates, would account for the devia- 
tion of many of the points from the line. One point 
is too far off, and the same point has considerable 
effect on the slope of the 2-mole/| curve in Fig. 3, 
making it doubtful whether the differences in slope 
in Fig. 3 are significant. 

From the slope of the line of Fig. 4, which is equal 
to 0.059/(x + 1) according to theory, (x + 1) can 
be calculated to be 3 moles of manganese dioxide 
to one mole of ammonium ion. This disagrees with 
the value of nearly 10 moles found in the exchange 
experiments for the ratio at the maximum capacity 
when sodium hydroxide was the base. The ratio 
was even larger for ammonia. The observation of 


° 
a 


E +0.059,H 


~Loe (NH,) 


Fic. 4. Variation of the electrode potential with free 
ammonia activity when the variation with pH is assumed 
to be 0.059 volt per unit pH change. 


continued exchange mentioned above suggests an 
explanation. The electrode potential is doubtless 
determined by the condition of the exterior of the 
manganese dioxide particles, while the exchange 
results were calculated on the basis of the composi- 
tion of the whole particles. The continued slow 
exchange is evidence that the interior of the particles 
differs from the exterior. 

It has been assumed that R of equation (II) is 
constant. For large variations in the amount of 
adsorbed ammonia, corresponding to large pH differ- 
ences, this might not be true. Also, if at a low pH 
an appreciable fraction of the manganese dioxide 
reduced should go into solution as Mn++ ion, an 
increased pH coefficient would be called for (7). 
In the more acid solutions x should vary. 

On che other hand, manganese dioxide prepara- 
tions having little or no acid property should give 
electrodes with the theoretical pil coefficient. Such 
a preparation is the pyrolusite described above 
which, however, gave poorly agreeing electrodes. 
If the African pyrolusite used by Cahoon (2) had 
little acid property, his nearly theoretical pH co- 
efficient of 0.0605 is understandable. Alternatively, 
the use of a varying zine chloride concentration 
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might have had an effect on the pH coefficient, if 
zine ion takes part in the ion exchange. The diverse 
values in the literature for the pH coefficient are 
not necessarily in disagreement, but may have been 
correct for the manganese dioxide preparations and 
conditions employed. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the July 1953 issue of 
the JOURNAL. 
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INTRODUCTION 


Initial work on the development of a Leclanché 
type magnesium dry cell under sponsorship of the 
U. 8. Army Signal Corps was reported by Kirk 
and Fry in 1948 (1). Magnesium was selected for 
this development because of its unique advantages 
vith respect to availability, electrode potential, and 
electrochemical equivalence. Numerous improve- 
ments, particularly in capacity and shelf life, are 
herein described. 


COMPOSITION 


Typical cell compositions are shown in Table I, 
vith a more detailed description as follows: 

Anode-~—AZ31A alloy (Mg-3Al-1Zn-0.2Mn-0.15 
Ca) has been found to have the best combination of 
battery anode properties of the many alloys tested. 
It is easily formed by impact extrusion and has 
good shelf life and fairly uniform discharge corro- 
sion. The calcium aids in minimizing delayed action. 

All can sizes (N to F) have been made by impact 
extrusion of slugs cut from extruded rod. The can 
wall thickness varies with the size of the can, the type 
of test, and the type of jacket or pack construction 
used. The thicknesses shown in Table I are suitable 
ior moderately heavy drains (8-100 hour rate). 

Electrolyte.—Although any of the alkali and alka- 
ine earth bromides may be used successfully as the 
electrolyte in magnesium dry cells, magnesium bro- 
mide is outstanding (Table II). MgBrz concentra- 
ions of 190-250 g/l are optimum, the higher con- 
ventration giving slightly more capacity and 
‘moother discharge corrosion of the magnesium. 

A chromate inhibitor is required for successful 
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ABSTRACT 


Magnesium dry cells patterned after the conventional Leclanché cell now appear to 
be worthy of acceptance in many applications. The cell contains a magnesium alloy 
anode, MnO, + BaCrO, + acetylene black cathode, magnesium bromide electrolyte in- 
hibited with lithium chromate, and a paper separator. The cell is characterized chiefly 
by very high capacity, particularly when the load resistance is designed for the voltage 
level of the cell. In series batteries, the optimum number of cells is 15 to 30 per cent less 
than the number of Zn cells required for the desired voltage. Cells made during the early 
stages of development have now been successfully stored two years, retaining more than 
85 per cent of their initial capacity. Low temperature discharge properties are highly 
promising and tropical storage properties are outstanding. 
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storage, lithium chromate in 0.20 g/l concentration 
giving optimum performance with respect to shelf 
corrosion and delayed action. The lowest chromate 
concentration which will give adequate corrosion 
protection is preferred, since delayed action increases 
with increasing chromate concentration. 

Cathode——The conventional manganese dioxide- 
acetylene black cathode has been modified by addition 
of 3 per cent barium chromate, capacity increases of 
7 to 15 per cent resulting therefrom. The optimum 
ratio of ore to black is dependent on the type of 
test, more black being preferred for light drain serv- 
ice than that required for heavy service. The opti- 
mum wetness is in turn a function of the ore-black 
ratio, the wetness increasing with the black content 
of the mix (Table I). 

Synthetic manganese dioxides show no time ca- 
pacity advantage over African ore in most standard 
tests, in spite of an appreciably higher voltage level. 
Such tests, of course, simulate discharge in lamps 
and tubes which are designed to the voltage charac- 
teristics of the zine cell. Under these conditions, the 
effect of the increased voltage obtained from syn- 
thetic ore is only to deplete the ore at a faster rate 
because of the increased current drain. If the equip- 
ment is redesigned to take full advantage of the 
higher voltage of the Mg cell (more resistance and 
lower current drains, but equal wattage), or if the 
number of cells in series packs is decreased, syn- 
thetic ore then may show an appreciable capacity 
advantage (see Cell Characteristics). 

Separators.—Capacity increases of 25-50 per cent 
are achieved through use of Kraft paper separators 
in place of cereal gel. 

Air depolarization.—-The magnesium dry cell is 
susceptible to air depolarization, and capacity in- 
creases of up to 50 per cent are realized by provision 
of a small vent (0.02-0.07 in. diam) in the top wax. 
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The maximum effect is obtained when the drain is 
relatively light, as in the BA-30 and BA-S8 tests. 
The effect, on the other hand, is very slight in the 
heavy industrial test. 

“D” size cells with a 0.02 in. open vent have 
shown little tendency to dry out in two years’ time 
at 70°F (Table III, Composition No. I), though in 
general it is preferred that the vent be omitted or 
that it be sealed until just prior to discharge. Addi- 
tional capacity is obtained if the can wall is thin 
enough to allow rupture during discharge, with the 
resulting additional entrance of air into the cell. In 
most cases, however, rupture is undesirable, not so 
much because of leakage, which is rare with mag- 
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polarizer in each case being African M_ ),, The 
initial voltage of these cells was lowered | om 14 
to 1.7 prior to discharge by short circuitin. fo, 5 
minutes. Other typical capacities are shown Table 
Ill. 

In adapting the magnesium cell for spec; ic appli- 
cations, the voltage is one of the most important 
considerations. This is important not only from the 
standpoint of lamp and tube life, but also in orde; 
that maximum benefit may be derived from the 
high voltage. 

Obviously, the most effective use of the high yolt- 
age is made when the load resistance is designed ty 
give the desired wattage at the voltage level of the 


TABLE I. Typical cell compositions 


Anode MgBr: 


conc 


Cell size 


Alloy Wall in. 


g/l 
190 
190 
190 
250 
250 
250) 
250 
250 
250 


“Pp” 
“ep” 
“AA” 
“Nn” 
“D-24” 


AZ31A 
AZ31B 
AZ3B1A 
AZ31A 
AZ3B1A 
AZ31A 
AZ31A 
AZ31A 
AZ31A 


0.075 
0.050 
0.050 
0.075 
0.075 
0.038 
0.038 
0.022 
0.040 


VI 
Vil 
Vill 
IX 


* 380 ml/1000 g with electrolytic ore. 
+t Vent hole open during storage. 


nesium cells, but because of swelling. The most 
effective use of air depolarization of the Mg cell will 
require a study of cell design, a field as yet prac- 
tically unexplored. 

Spot welding.—Side wires are successfully attached 
to magnesium cells for pack assembly by either spot 
welding or soldering. The former is, in general, pre- 
ferred because of its simplicity and greater resist- 
ance to corrosion under high humidity conditions. 

The preferred wire for spot welding is stranded Cu 
which is coated with Zn, Sn, or solder, although 
solid uncoated Cu is also satisfactory. Finished cells 
may be spot-welded without distortion by simple 
cradling, even with a wall as thin as 0.020 in. as in 
the “N”’ size cell. 


CreLL CHARACTERISTICS 
Voltage and Capacity 


The most important characteristics of the mag- 
nesium cell are its high voltage and flat discharge 
curve, which result in an efficiency of utilization of 
the MnO, that is in many cases double that ob- 
tained with zine Leclanché cells. This is shown by 
the discharge curve of Fig. 1 (BA-30) in which Mg 
cells are compared with standard Zn cells, the de- 


Cathode 
Inhibitor 


Separator Vent diam 


MnO; BaCrO, Wetness 


g/l ml/1000 ¢ in. 

0.1LieCrO, 500 0.07 
10(NH,)2CrO, 0).02+ 
1.0LieCrO, none 
0.20Li,CrO, 0.07 
0.20LieCrO, 0.07 
0.20Li.CrO, 0.02 
0.20Li.CrO, 0.02 
0.20Li.CrO, none 
0.20Li,CrO, 0.07 


paper 
cereal 
cereal 
paper 
paper 
paper 
paper 
paper 
| paper 


TABLE II. Comparison of bromide electrolytes ‘‘D’’ size cells; 
anodes—AZ31B*; cathodes—90 MnO. + A.B.; separators 
—cereal gel 


Inhibitor Initial 


Electrolyte g/l bromide B/ BA-30 
capacity 


days | 
33.2 | 
26.5 
25.2 
24.0 
17.1 
10.5 
11.9 


300 LiBr (85%) 
300 CaBr2-2H,0 
225 NH,Br 

300 SrBr.-6H.O 
200 NaBr 

300 KBr 


10.0 
5.0 
10.0 
10.0 
1.5 
10.0 
2.0 


* AZ31B: Mg alloy with 3% Al, 1% Zn, 0.2% Mn, and 
controlled purity. 
t Storage temperature: 70°F. 


Mg cell. Therefore, if Mg cells are to be used in 
place of zine cells in existing applications, maximum 
efficiency can be obtained in one of two ways: 
(a) replace the lamps or tubes with others of highe! 
resistance, maintaining the same wattage range (s¢ 
Fig. 2 and 3); or (b) decrease the number of cells i0 
series in pack batteries (Fig. 4). 

If the application is such that neither of thee § 


on 
| 
| 
\ 
| 
II 
Ill 
IV 
| Vv 
| 
{ 12 
Monthst 
BA-30 
capacity 
days | % 
ae 190 MgBr: 30.7 | 92.5 
| 22.3 84.0 
| 18.1 71.8 
24.6 | 102.5 
16.5 %.5 
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1 TABLE III. Capacities of typical magnesium batteries 
m 19 Cells 
Specificat Capacit 
for 15 (Zn cells) | (Meg cella) 

T bi Number Size Comp 

BA-30— Init. 1 L. ae I 14 days 37.6 days 
appli- BA-30—1 year 70°F 1 | I 12 days 34.3 days 
ports | | 

BA-30—Init. | 1 | It | 14 33.3 days 

om, the BA-30- 2 years 70°F 1 | “— II — 28.7 days 

| order | 

m the BA-30—Init. 1 | 14 days 28.0 days 
BA-30—6 months 113°F | 1 dd | 9 days* | 23.7 days 

h volt. 

BA-S—Init. 70°F | | I | 20hr 573hr 

BA-S—Init. 20°F 1 weg I 0 hr 78 hr 

the 
\SA hvy. ind. 1 “—pD” IV | 750min | 1220 min 
{SA RR lantern 3 (series) — V | 45 hr 96 hr 
\SA hearing aid “‘A”’ 2 (parallel) “AA” VI 10 hr 27 hr 

lent dian ASA hvy. hearing aid “‘B”’ 11 (series) 400 hbrt | 456 hr 

= BA-270 “A” 6 (parallel) “D-2A”’ IX 20 hr 46 hr 

on BA-270 By 60 (series-par.) —" Vill 20 hr 48 hr 

BA-270 Bs 30 (series) Vill 20 hr 52 hr 

— * Specification for 3 months at 113°F. 

0.0; t Basis 15 Zn cells. 

0.07 

0.02 

0.02 6 [ 

none : | 
MY 

0.07 

| | | | | | 
224 6 8 1 I2 4 16 18 20 22 24 26 26 3 32 BM 36 36 40 Fs) 

DAYS 
apacily 

— Fig. 1. BA-30 test. “D” size cells (Composition No. I) 3 

92.0 F 4 | | | i 
84.0) 4 8 2 6 2 2 2 32 36 
713 HOURS 
Mg CELLS ~ELECTRO ORE - 6.25 OHM LOAD 

102.5 * RES | P| | l Fig. 3. Modified hearing aid ‘“‘A’’ battery test. Load 
96.5 ra | Or. ft hid adjusted to cell voltage by keeping wattage range same as 
ORE for zine cells. 2 ‘“‘AA”’ size cells in parallel (Composition 

7 
200 1000 §=61200 «61400 «600 1800 2000 
MINUTES 
used in | Fic. 2. Modified heavy industrial test. Load adjusted 3“* 
aximum » cell voltage by keeping wattage range same as for zinc ou 
ells. size cells (Composition No. IV). 
. ° 
yf higher alt 3 24) 
‘ernatives seems practical, magnesium cells may 
+ alvin ‘till be used advantageously with existing equipment 
Ih Many iti i j 
ts iny cases by addition of a dropping resistor. F1a. 4. 32-Ohm railroad lantern test. “‘F”’ size cells (Com- 
af thes ls may be a resistance wire if the construction position No. V). 
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permits, as in packs, or the internal resistance of 
the cell may be increased by alteration of the central 
carbon rod. A dropping resistor usually increases 
the time capacity to an end voltage through slower 
utilization of the MnOs. It has the additional ad- 
vantages of removing the possibility of overloading 
the equipment and of decreasing the rate of Mg 
consumption, thus lessening the possibility of rup- 
ture or swelling during discharge. 

Low temperature service-—-The low temperature 
discharge characteristics also offer great promise. 
A BA-8 capacity at minus 20°F of 78 hours, or 14 
per cent of the 70°F value, was obtained, though no 
attempt was made to tailor the cell for low tempera- 
ture service (Table III). 

Shelf life.—Successful two-year storage of MgBr. 
cells, with a capacity maintenance of 86 per cent, 
has been demonstrated (Table III). Numerous 
batches have had capacity maintenances of more 
than 90 per cent after one year, and these include 
paper-lined as well as cereal gel separator cells. 
Because of the relatively low electrolyte concentra- 
tion, magnesium cells suffer no appreciable harm 
from loss of moisture by evaporation during storage. 

The tropical storage properties of the magnesium 
cell are outstanding, a capacity maintenance of 85 
per cent after six months at 113°F having been 
obtained (Table IIT). 

Delayed action.—This is defined as the number of 
seconds required for the cell voltage to reach a 
minimum of 1.0 after the circuit is closed. Although 
the addition of calcium to the AZ31B alloy and the 
use of low chromate concentrations in the electrolyte 
have aided greatly in minimizing delay, an appreci- 
able time lag remains. While normally this amounts 
to no more than 2-3 seconds, under certain conditions 
it may reach several times this much. Delayed ac- 
tion is considered to be the chief problem at the 
present time, though in many applications this 
amount of delay should not be serious. 

Anode efficiency.—The electrochemical efficiency 
of the AZ31B anode is normally about 60 per cent, 
compared with 90-95 per cent for zinc. However, 
because of magnesium’s extremely low equivalent 
weight (12.16 compared with 32.7 for zinc), the 
weight of metal actually consumed per ampere-hour 
is still only 60 per cent as great in a magnesium dry 
cell as in a zine Leclanché cell. Furthermore, the 
hydrogen gas evolved at the anode during discharge 
causes no disadvantages in the operation or proper- 
ties of the cell. With proper wax sealing or with the 
cell embedded in tar, the gas diffuses harmlessly 
from the cell. It is possible, on the other hand, that 
the efficiency can be increased by further research, 
thus decreasing the metal requirement. 

Leakage.—Although the magnesium can may per- 
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forate or split during the later stages of scharge 
if the wall section is thin, leakage is rare This q 
due to the hard and dry nature of the \{g(Qy 
corrosion product which forms throughoui the 


cel] 
during discharge. 


DIscussION 


Unlike most high capacity cells, the magnesiyy 
dry cell should not be expensive. Items contributing 
to expected low costs are the suitability of conven. 
tional cell designs and inexpensive materials, suc} 
as African MnO.; low metal requirement and pay 
of metal fabrication; simplicity of the spot-welding 
process for side wire attachment; and the relatively 
small number of cells required in series batteries 
On an energy cost basis in particular, the outlook 
is highly favorable. 

Although many factors must be considered jn the 
selection of applications for the magnesium cell. 
early acceptance in several fields appears to be 
warranted. These, in general, are applications which 
require a moderately heavy to heavy drain and jy 
which capacity is important. Outstanding examples 
are the portable radio, hearing aid, and industria! 
flashlight and lantern fields. 

Work is continuing toward improving cells, par 
ticularly with respect to delayed action, and « 
effort is being made to expedite the production and 
use of Mg dry cells in those applications where the 
cell characteristics and economic factors are mos! 
favorable. 


SUMMARY 


Numerous improvements in the magnesium dr 
cell have resulted in a high capacity cell which 
ready for acceptance in many applications. 

Patterned after the Leclanché cell, the preferred 
anode alloy is AZ31A, the electrolyte is 190-2) 
g/l MgBr- inhibited with 0.2 g/l LigCrQ,, and thy 
cathode consists of MnO. + 3 per cent BaCrQ) + 
6-10 per cent acetylene black. Paper separator 
are preferred for maximum capacity. The cell ': 
susceptible to air depolarization, particularly in th 
lighter types of service. Pack construction has bee! 
simplified by development of a spet-welding method 

The magnesium cell is characterized chiefly )) 
high voltage and a flat discharge curve, whicli 
when utilized properly, result in capacities that a" 
double those of the corresponding Leclanché cells 
Successful 70°F storage of two years with gel separ 
tors has been demonstrated, and equally success! 
storage of paper-lined cells is anticipated on th 
basis of one year results. The low temperature (i* 
charge properties offer great promise, and the trop! 
storage properties are outstanding. The chief problen 
at the present time is a delayed action of sever 
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geonds, although this is believed to be acceptable 
“applications. 

The maximum benefit from the high voltage of 
she magnesium cell is realized when the load resist- 
anee is adjusted to the voltage 
This may be accomplished by using properly de- 


signed lamps and tubes or by decreasing the number 


of cells in series in pack batteries. A dropping re- 
sistor may otherwise be used to lower the voltage 
to the Zn cell range. 

The cost/service ratio is expected to be highly 
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favorable in most applications. The portable radio, 
hearing aid, and industrial flashlight fields appear 
most promising for early acceptance. Work is con- 
tinuing on the development of these applications 
and on further cell improvements. 

Any discussion of this paper will appear in a Discussion 


Section, to be published in the June 1953 issue of 
the JouRNAL. 
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INTRODUCTION 


During the last decade a number of new types of 
primary batteries have been developed as described 
by Vinal (1). Some of these are of the reserve type 
which is kept dry until activated at the time of use 
by admission of the proper electrolyte, after which 
the cell is discharged completely within a short time. 
In such reserve cells it is possible to use, at high 
efficiency, oxidizing materials (depolarizers) which 
are relatively unstable in the presence of the electro- 
lyte, i.e., after activation. Among the considerable 
number of oxidizing compounds of this class which 
are attractive theoretically are the alkali metal per- 
sulfates. However, when used in water solutions in 
primary cells the persulfates do not perform satis- 
factorily. After it was discovered that the persulfates 
could be used effectively as depolarizers in the pres- 
ence of silver or silver compounds, the experimental 
work described in this paper was undertaken and 
the conditions established for making a practical 
cell.? 

The depolarizing action which results from the 
reduction of an alkali metal persulfate such as potas- 
sium persulfate may be represented as follows: 


K.S.03 + 2 electrons — K.SO, + SOT 
EXPERIMENTAL 


The first experiments on which this development 
is based had for their object the improvement of 
the silver chloride-magnesium, water-activated cell 
(2). When potassium persulfate solutions were used 


‘ Manuscript received September. 21, 1950. Paper pre- 
pared for delivery before the Buffalo Meeting, October 11 
to 13, 1950. 

?1. C. Buaxe anv J. B. Mutien (To Burgess Battery 
Company), U. 8. Pat. 2,534,403, December 19, 1950. 


Water-Activated Primary Cells Using Alkali Metal 


Persulfates As Depolarizers' 


I. C. Buake 


Burgess Battery Company, Freeport, Illinois 


ABSTRACT 


Alkali metal persulfates may be activated by silver compounds so that they become 
efficient depolarizers when used in water-activated cells having magnesium anodes and 
silver cathodes. A water-activated primary cell utilizing this system has been developed 
which is similar to the silver chloride-magnesium cell but which has a 90 per cent greater 
ampere hour output per unit of volume. The cathode consists of a silver electrode coated 
with a depolarizing mixture of silver chloride powder and potassium persulfate. Both the 
silver chloride and the potassium persulfate are used at high efficiency. The cells may 
be discharged at heavy drain rates with substantially flat discharge curves at relatively 
high potentials. Because the relatively low cost potassium persulfate replaces a major 
portion of the high cost silver chloride of the silver chloride-magnesium cell, the cost of 
both the cells and the generated electrical energy is decreased. 


as electrolytes (3, 4) in these cells a substantial jp- 
crease in capacity indicated a depolarizing action 
by the persulfate. However, the depolarizing action 
by the persulfate occurred only at the silver chlorice- 
electrolyte boundary. The amount of potassium per- 
sulfate that could be furnished to this boundary by 
means of the electrolyte solution was limited by its 
low solubility in water (5.3 g/100 ml of water at 20°C), 
As a result of these observations the cell construction 
for further experimental work was changed so that 
the surface of the silver chloride electrode was faced 
with a coating of bound particles of potassium per- 
sulfate or sodium persulfate. Thereby a readily avai- 
able supply of persulfate was located at the silver 
chloride electrode surface. 


Cell Construction 


The experimental cells were made of an anode oi 
unalloyed magnesium in strip form and a cathode 
of silver foil faced with the depolarizer. When alkali 
metal persulfate was used either alone or mixed with 
the silver catalyst, it was applied as a paste to the 
surface of the silver foil. The depolarizer and anode 
were separated by a thin layer of absorbent paper 
The electrodes, being thin and flexible, were a 
sembled into a cell by rolling the components into 
@ concentric capsule-type cell. The cells were acti- 
vated by continuous immersion in tap water, usually 
at 21°C. 

The specifications for the first two series of exper 
mental cells follow: 

Anode: high purity magnesium strip (unalloyed 
0.006 in. (0.15 mm) x 1} in. (3.5 em) x 25 in. 
(63.5 em) 

Cathode: 23 in. (58.4 em) x 1.35 in. (3.5 cm) ‘ 
0.001 in. (0.025 mm) rolled silver foil with a 
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elec vodeposited coating of silver chloride elec- 
trochemieally equivalent to one amp min/in.? 
(0.155 amp min/em*) of foil surface. A paste of 
persulfate containing a binder of polyvinyl! ace- 
tate dissolved in ethyl acetate was applied to 
the silver chloride layer. 

Separator: one thickness of absorbent paper 13 
in. (4.1 em) wide and 0.005 in. (0.13: mm) 
thick. 

Construction: the elements were rolled into a 
capsule-type cell. 

This particular size of silver chloride-magnesium 
ell (without the persulfate) is designated by the 
factory as a 1CC40 eell. For convenience, this con- 
«ruction will hereinafter be referred to as the 1CC40 
cell. 


Persulfate Coating Without Admixed Silver 


In the first series, three groups of cells were made 
n which 10 g of potassium persulfate, 10 g of sodium 
Fyersulfate, and no persulfate (control), respectively, 
A vere applied to the silver chloride electrode of the 
(C40 cells. These cells were activated by continu- 
ous immersion in tap water at 21°C while discharging 
through a resistance of 3 ohms continuously to an 
end point of 1.00 v per cell. The average discharge 
urves are shown in Fig. 1. These show that the cells 
ontaining persulfate discharge at a high potential 
jor a much longer time than do the controls, the 
lischarge curve being nearly flat at this high po- 
ential. 

In the above tests the electrochemical efficiency 
f persulfate usage was 19.8 per cent for potassium 
persulfate and 33.3 per cent for sodium persulfate. 
These efficiency values were calculated by subtract- 
pig the electrochemical equivalent of the silver chlo- 
ride in the cell in amp min from the total output of 
the cell above 1.00 v in amp min and then determin- 
ng the ratio between this value and the value ob- 
tained by multiplying the number of grams of potas- 
sium persulfate by 11.90 amp min or the number of 
grams of sodium persulfate by 13.50 amp min. The 
greater efficiency of the sodium persulfate is due to 
its greater solubility in water. 

It is obvious that the addition of the solid persul- 
late increases the cell volume of the 1CC40 silver 
chloride-magnesium cell which has a capacity of | 
amp hr, in.* (0.061 amp hr/em*) of cell volume under 
the conditions of discharge outlined above. To deter- 
mine the effeet on cell discharge efficiency (on a 
volume basis) caused by the addition of the solid 
persulfate, cells were made in which potassium and 
hulium persulfates were coated onto the silver chlo- 
nde electrodes of the 1CC40 cells in amounts ranging 
From (161 to 0.568 g/in.? (0.025 to 0.088 g/cm?) of 
lectrvle area. These cells were activated and dis- 
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charged as described. The cell volume efficiency 
was increased by sodium persulfate up to an opti- 
mum quantity of 0.245 g added/in.? (0.038 g/cm*) 
of cathode area or 15 g/cell. With this optimum 
addition of sodium persulfate, the cell capacity was 
increased from 1 amp hr/in.’ (0.061 amp hr/cm*) 
to 1.28 amp hr/in.’ (0.078 amp hr/cm‘*) of cell volume. 
By the addition of potassium persulfate the cell 
volume efficiency increased with additional persulfate 
up to an optimum of 0.484 g/in.? (0.075 g/cm?) of 
cathode area or 14.8 g/cell. The cell capacity per 
cubic in. was 0.86 amp-hr (0.052 amp-hr/cm*) with 
the optimum addition of potassium persulfate. 

The above group of experiments showed that, for 
any given addition of persulfate to the 1CC40 cell, 
the sodium salt was more efficient electrochemically 
than the potassium salt. 


VOLTAGE ON 3 OHM LOAD 


8) 20 40 60 80 100 120 140 160 180 
DISCHARGE TIME IN MINUTES 


Fic. 1. Discharge curves showing effect of adding sodium 
and potassium persulfates to type 1CC40 cells, cathodes 
coated with persulfate. Cell 1—conventional 1CC40 cell; 
cell 2—1CC40 cell + 10 g sodium persulfate; cell 3—1CC40 
Yell + 10 g potassium persulfate. 


A second series of cells of the 1CC40 type was then 
made in which the persulfate was coated directly 
onto the silver electrode in the absence of silver 
chloride. Fifteen grams of sodium persulfate mixed 
with binder were pasted onto the silver foil surface 
to serve as the only depolarizer. These cells were 
discharged under the previously described conditions 
along with similar cells in which the silver chloride 
coating on the silver electrode had not been omitted, 
together with another group in which the persulfate 
was entirely omitted (control). Average discharge 
curves for these three test groups are shown in 
Fig. 2. 

The data in Fig. 2 show that the capacity of cell 
3 (using persulfate and silver chloride as depolarizer) 
is greater than the capacities of cell 1 (using silver 
chloride in the same amount as cell 3 as depolarizer) 
and cell 2 (using persulfate in the same amount as 
cell 3) combined. The fact that these capacities are 
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not additive suggests that when a persulfate and 
silver chloride are used in combination in a cel! 
some reaction occurs that does not occur when either 
material is used alone. 

An investigation of the relative costs of sodium 
persulfate and potassium persulfate revealed that 


VOLTAGE ON 3 OHM LOAD 


1.0 + 4 + —+ 
| PREDICTED LIFE OF 
| | CELLS BASED ON LIFE 

0.8 t OF CELL 1 CELL 2 
(TO 1.00 voLT) 

° 40 80 120 160 200 240 280 320 36C 


DISCHARGE TIME IN MINUTES 


Fig. 2. Discharge curves of type 1CC40 silver chloride- 
magnesium cells showing the effect of coating the silver 
chloride-silver cathode with sodium persulfate. Cell 1— 
conventional 1CC40 cell; cell 2—cathode of 0.001 in. silver 
foil, 15 g sodium persulfate; cell 3—cathode of silver-silver 
chloride, 15 g sodium persulfate. 


TABLE I, Use of mixtures of 3.32 g of powdered silver chloride and 6.50 g of potassium persulfate as depolarizers in 
silver-magnesium cells 


1. Test group A B C (control) 

2. Type of silver chloride Electrolytic powder Chemical powder Electrolytic sheet 

3. Maximum closed-circuit voltage — 1.63 v 1.58 v 1.61 v 

4. Life to 1.00 v/cell 400 min 500 min 210 min 

5. Average voltage to 1.00 v/cell 1.44v 1.50 v 1.58 v 

6. Average current to 1.00 v/cell 0.192 amp 0.200 amp 0.210 amp 

7. Amp-hr capacity to 1.00 v/cell 1.28 1.67 0.74 

8. Cell volume (in.*) 1.12 0.98 0.84 

9. Cell volume (cm.’) 18.4 16.1 13.8 

10. Amp hr/in.* to 1.00 v/cell 1.14 1.71 0.88 

11. Amp hr/em* to 1.00 v/cell 0.070 0.104 0.054 

12. Electrochemical equivalent of silver chlo- 0.58 0.58 1.00 
ride in cell in amp-hr 

13. Electrochemical equivalent of potassium 1.29 1.29 — 
persulfate in cell in amp-hr 

14. Total electrochemical equivalent of cell de- 1,87 1.87 1.00 
polarizers in amp-hr 

15. Capacity in amp-hr due to K.S,0, (assuming 0.70 1.09 -- 
100% efficiency of AgCl reduction) 

}. Efficiency of K.S2O, usage in cell, per cent 54.2 84.4 


the cost of the sodium salt was approximately twenty 
times as great as the cost of the potassium salt. 
Potassium persulfate was therefore used in the ex- 
periments described in subsequent parts of this paper 
because one object of the investigation was the 
development of a practical reserve type cell. 
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Depolarizer Mix of Powdered Silver Chlo. ‘de 
Persulfate 


The data of Fig. 2 suggested the use of « depolar. 
izer consisting of an intimate mixture o/ potas 
sium persulfate and powdered silver chloride, Thre 
groups of test cells constituting the third series ay¢ 
having the following general specifications were the) 
made: 

Anode: high purity unalloyed magnesium strip 
0.006 in. (0.15 mm) x 1.35 in. (3.5 em) x 12 jy 
(30.5 em) 

Cathode: silver foil 
0.001 in. (0.025 mm) x 1.35 in. (3.5 em) x \9 
in. (25.4 em) 

Persulfate: 6.50 g of K..8.0s mixed to a paste wit) 
a binder of polyvinyl acetate dissolved in ethy| 
acetate. 

Separator: absorbent paper 
0.005 in. (0.13 mm) thick x 1 in. (4.1 em) wide. 

Construction: spirally-rolled cell. 

In test group A, in Table I, the depolarizer con- 
sisted of 3.32 g of powdered electrolytic silver chlo- 
ride intimately mixed with the potassium persulfate. 
In test group B, 3.32 g of Mallinckrodt’s C.P. silver 
chloride powder were used in place of the elec. 
trolytic product. Control test group C consisted of 


standard 1CC40 silver chloride-magnesium cells 
The cells of these three test groups were activated 
by continuous immersion in 44 ml of tap water 
and simultaneously were discharged continuous!) 
through a resistance of 7.5 ohms to an end point ¢ 
1.00 v/cell. The average performance data are giv"! 
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1) Tabic {. The cells containing a mixture of chemi- 
vally precipitated silver chloride powder and potas- 
ium persulfate gave an output per unit of cell 
volume that was 1.92 times greater than the output 
of the control cells using silver chloride alone. 

The Mallinckrodt chemically precipitated C.P. 
silver chloride powder gave a superior performance 
to that of the powder prepared by milling electro- 
lvtically-formed silver chloride sheet. This superior- 
ty is probably due to the much smaller size of the 
particle. 


Alternate Cathode Materials 


Although electrode materials other than silver foil 
were tested with the silver chloride-persulfate de- 
polarizers, silver foil proved to be the most suitable. 
Carbon-coated copper and carbon-coated glass cloth 
save somewhat poorer results followed by copper 
foil, lead foil, and palladium foil. 

The silver chloride in the silver chloride-persulfate 
depolarizing mixture can be replaced by other in- 
soluble silver compounds with good results. Silver 
bromide and silver oxide give cells with satisfactory 
apacities but the operating voltage is lower than 
vith silver chloride. Incomplete experimental work 
indicates that the action of soluble silver salts, such 
is silver nitrate or silver sulfate, is similar to that of 
the insoluble salts. 

Of the conductive cathode electrodes tried, silver 
metal alone appears to catalyze the decomposition 
of persulfates. Cells were made using carbon strips 
is cathodes and potassium persulfate as the only 
depolarizer. These cells gave much lower potentials 
and capacities than cells using silver foil cathodes 
and potassium persulfate as the only depolarizer. 


DIscuUSSION 


Fig. 2 shows that in a cell in which sodium per- 
sulfate is used in conjunction with silver chloride as 
the depolarizer, the capacity is much greater than 
ihe combined capacities of separate cells using silver 
‘hloride and sodium persulfate respectively as de- 
polarizers. Inasmuch as the results are not additive, 
it is evident that, when sodium persulfate and silver 
chloride are used together as the depolarizer, there 
is some reaction that does not occur when either 
compound is used alone as depolarizer for cells with 
‘ilver and’ magnesium electrodes. Vallance, Twiss, 
and Russell (5) suggest that the increased oxidizing 
activity of the alkali perdisulfates in the presence of 
silver salts is due to the instability of silver perdisul- 
late. Mellor (6) states that the presence of silver ions 
causes a catalytic decomposition of persulfates. These 
references therefore suggest that the silver chloride 
has « catalytic effect on the persulfate. 
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The data presented in Table I show that much 
better capacities per unit of cell volume can be 
obtained by using mixtures of powdered silver chlo- 
ride and potassium persulfate as depolarizer than with 
the electrolytic silver chloride sheet. The capacity 
per unit volume of the cells of group B is 92.5 per 
cent greater than that of the cells of control group C. 
The capacity per unit volume of a cell using a mix- 
ture of powdered silver chloride and potassium per- 
sulfate as depolarizer is much greater than that of a 
cell in which the potassium persulfate is coated over 
the surface of a silver chloride sheet electrolytically 
formed on silver foil. In the experiment in which 
the optimum amount of potassium persulfate to be 
added to the surface of an electrolytic silver chlo- 
ride sheet cathode was determined, it was found that 
with the optimum addition the cell capacity was 
0.86 amp hr/in.’ of volume (0.052 amp hr/ecm).’ 


TABLE II. Comparison of performance of silver-silver 
chloride-potassium persulfate-magnesium water -activated 
cells and “‘D”’ size flashlight cells 


. Cell Water-activated Dry cell 
2. Volume 0.98 in.* or 2.83 in.’ or 
16.1 em?’ 46.0 em? 


3. Average discharge 0.200 amp 0.240 amp 


current 


. Average discharge 0.204 amp/in.* 0.085 amp/in.2 
current density or or 
0.0124 amp/ce 0.0052 amp/ec 
. End point 1.00 v 0.75 v 
5. Life in minutes 500 375 
. Capacity in amp-_ 1.67 1.50 
hr to end point 
Amp-hr/in.® 1.71 0.53 
. Amp-hr/em* 0.104 0.033 


Capacities of silver-magnesium water-activated 
cells using mixtures of powdered silver chloride and 
persulfate as the depolarizer are not greatly affected 
by the current density of discharge within the cur- 
rent density range of 0.20 to 1.50 amp/in.* (0.012- 
0.092 amp/cm*) of cell volume. These current den- 
sity values correspond to currents of from 0.55 to 
4.25 amp for a “D” size dry cell on continuous dis- 
charge. 

In cells using a mixture of silver chloride and alkali 
metal persulfate as depolarizer, the silver chloride 
by itself is a good depolarizing agent. Through the 
use of a persulfate catalyzed by the silver chloride 
as an auxiliary depolarizer, a cell with improved 
volumetric efficiency is obtained. The use of persul- 
fate as part of the depolarizer makes possible a cell 
which has the desirable characteristics of the silver 
chloride-magnesium cell at a reduced cost of de- 
polarizing materials. 

‘The best cells described in this paper gave capaci- 
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ties of 1.71 amp-hr/in.* (0.104 amp hr/cm*) of cell 
volume. This value may be compared to the capacity 
of a “D” size dry cell used for flashlight service. It 
is difficult to make a direct comparison between 
these water-activated cells and dry cells because the 
designed rates of discharge and the end points differ 
greatly. The best comparison of the two types of 
cells would be one comparing the cells of group B in 
Table I with a ‘‘D”’ size flashlight dry cell discharged 
through 4 ohms continuously to an end point of 0.75 
v per cell. This comparison is given in Table II. 
This comparison can be summarized by stating that 
the best water-activated cells described in this paper 
deliver three times as much capacity per unit of 
volume to an end point of 1.00 v per cell as a dry 
cell of the same size can deliver to an end point of 
0.75 v, although the latter is discharged at less than 
half the current drain. 


CONCLUSIONS 


1. Alkali metal persulfates can be used efficiently 
as depolarizers in water-activated primary batteries 
containing magnesium anodes, provided the persul- 
fates are used in close association with silver or a 
silver salt. 

2. A modification of the silver chloride-mag- 
nesium, water-activated primary battery has been 
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developed which uses as depolarizer an alk:.|j meta] 
persulfate catalyzed by silver or a silver compound. 
The modified cell, when discharged, gives i\\e same 
desirable flat discharge curve that is characteristic of 
the silver chloride-magnesium battery and has Q 
higher energy output per unit of volume. 

3. Sodium persulfate appears to be more efficien; 
as a depolarizer in conjunction with silver or gilye; 
compounds than potassium persulfate. From a com. 
mercial standpoint, however, the potassium persu|- 
fate is the more suitable because of the high cost of 
sodium persulfate. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the June 1953 issue of 
the JouRNAL. 
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INTRODUCTION 


Although the dry pile is generally attributed to 
Jamboni who described it in 1812 (2) there are 
aarlier references in the literature (1). Desormes and 
Hachette in 1803 presented a memoir entitled “In- 
estigations of the Electric Pile of Volta.”’ In 1809 
Hachette described his work with a dry pile contain- 
ing starch. 

In 1812 Zamboni (2) described a dry form of vol- 
wie pile containing a large number of disks of a 
yold or silver paper” coated on the other side with 
nanganese dioxide. When these disks are stacked 
ne on the other they make a high voltage pile. The 
dectrolyte is actually the salts present in the bat- 
ery dissolved to some extent in the moisture ab- 
wrbed from the air. The amount of current which 
nay be drawn from the pile is infinitesimal. 

M. de Hue (3) made a pile containing disks of 
Duteh gilt paper alternated with disks of laminated 
ne either as foil or as zine powder glued to the paper. 

In 1840 a pile was constructed at the Clarendon 
laboratory (4), Oxford University, which has con- 
tinued from then until the present to operate a pith- 
ball pendulum, suspended by a silken thread. The 
pendulum swings between the two electrified termi- 
al plates of the battery, which act as two plates of a 
ondenser, thus being alternately attracted and re- 
pelled as it makes contact with each terminal plate. 

For over a century the Zamboni type pile was 
iitle more than a scientific curiosity. The first at- 
mpt to use this type of pile was made by the 
‘ritish during World War II. After experimental 
vestigations small production quantities of piles 
| 400-600 v were made for use in an infrared tele- 
«ope as described by Pratt (5). The structural de- 
lulls of this pile were described by Elliott (6). A 
mxture of 150 g manganese dioxide, 25 g gelatin, 13 
ul of a 10 per cent zine chloride solution and 700 
nl of water was painted on one side of a special 
paper and after being dried the coated paper was 
laminated under pressure with tinfoil. 
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ABSTRACT 


A new type of Zamboni pile has been developed made up of cells consisting of a 
Mn0O,-carbon black cathode, aluminum anode, an electrolyte of 0.25 per cent AICl,, 
mixed with either a 5 per cent methylcellulose-water solution or a 3.7 per cent gelatin 
40 to 50 per cent ethylene glycol-water solution and a fibrous paper. Results indicate 
suitable performance at temperatures ranging from —30° to +45°C and at currents of 


Haberer (4c) in this country made a pile of disks 
coated on one side with zinc dust and on the other 
side with manganese dioxide. The intercell connec- 
tions were made with a paraffin paper coated on 
both sides with graphite. 

As outlined above, a number of piles were made 
by the British which gave a voltage of 0.9 v/cell 
when fresh but after a few months aging stabilized 
at 0.7 v. Under a current of 10-° amp, the voltage 
would drop steadily to about 45 per cent of the 
initial open-circuit voltage. The practical applica- 
tion of these cells was limited owing to the high in- 
ternal resistance of the cells which amounted to 
about 20 megohms per cell. 

There are a number of applications today where 
piles of the Zamboni type would be of importance, 
especially for high-voltage applications requiring cur- 
rents of 10° to 10-” amp over wide temperature 
ranges. Accordingly, it was deemed advisable to 
ascertain if piles could be constructed with charac- 
teristics even better than those of the British type 
pile. 

This investigation consisted of four phases: (a) 
construction and determination of the characteristics 
of British Zamboni piles, (b) studies of various anodes 
in the British type of Zamboni piles, (c) use of best 
anodes to study various types of manganese diox- 
ides, electrolytes, papers, and binders for use in 
piles, and (d) construction of new types. This paper 
gives some results of these studies. 


EXPERIMENTAL 


Special electrical instruments for measuring the 
voltage of single cells and high-voltage piles were re- 
quired because of the high internal resistance of the 
cells. Special vibrating reed electrometers, modified 
to measure the voltages, were used. These had a 
range from 1 to 1000 millivolts so a counter emf was 
used in the grid circuit of one instrument and the 
null point potentiometer method was used with 
another instrument. In either case, a voltage of 2 
to 3 v could be measured. For piles of high voltage, 
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electrostatic voltmeters of 10'° ohms leakage resist- 
ance were used to measure the voltage. 

For discharges of 10-* to 10-° amp, a series of 
special resistances of 10" to 10° ohms were obtained. 
These resistances were mounted either in glass or 
in ceramic so as to maintain the proper resistance. 
Any moisture or salt from moist hands would vary 
the resistance of the 10" to 10° resistors so every 
precaution was necessarily taken to eliminate this 
effect. 

Storage equipment was assembled for both accel- 
erated and normal shelf-life conditions. Various desic- 
cators containing either saturated water vapor, or 
10 per cent zine chloride solution, or calcium chlo- 
ride, or no humidifying agents were used to store a 
few cells and batteries made from the various types 
of materials and mixtures studied. 

In attempts to improve the British pile the fol- 
lowing components were investigated: 


600 


OPEN CIRCUIT 
OPEN CIRCUIT 
VOU 
300 — 
| 
2 4 6 
DAYS 


Fic. 1. British type 575 v Zamboni pile of 800 cells, 1.9 
em diam. Discharged at an initial current of 0.035 ma 
(10" ohm load). 


1. Manganese dioxide—a natural ore, one electro- 
lytic and six chemically prepared manganese diox- 
ides. 

2. Negative metals—magnesium, aluminum, zine, 
tin, silver, gold, and other metals. 

3. Electrolyte—-water with various percentages of 
the chloride salt of the metal used as negative. 

4. Carbon black—both with the manganese diox- 
ide and as a protective conductive coating for inter- 
cell connection. 

5. Binding agents—methyleellulose, carboxy- 
methylcellulose, gelatin, casein glue, and albuinen. 

6. Paper—various grades of bond, alpha cellulose 
base, hemp fiber base, viscose treated paper, cello- 
phane, parchment, glassine, and various-sized con- 
denser papers. 

7. Moisture-proof conducting coating for inter- 
cell connection. 

Various combinations of these materials have been 
used in construction of cells and tested both initially 
and after long storage periods. The combination 
which best met the requirements was: 
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(a) Manganese dioxide coating: chemi: lly pre 
pared manganese dioxide is sifted throug!, 9 2%. 
mesh sieve; 90 per cent of this 200-mesh oxi:e and 10) 
per cent carpon black (by weight) is mixed tv q paint 
consistency with an electrolyte consisting of eithe 
of two types. One is a low temperature electrolyy, 
composed of a mixture of 0.25 per cent AICl, 37 
per cent gelatin in a 40 to 50 per cent ethylen 
glycol-water solution. The resulting mixture js kept 
at 40° to 50°C while it is painted on the paper 
The other is a mixture of .25 per cent AICI; and , 
5 per cent methylcellulose-water solution for norms! 
temperature operation. 

(b) A Visking fibrous casing is used as the sepa. 
rator for painting with the manganese dioxide. 

(c) Aluminum is used as the negative. This js 
molecularly diffused on the separator after the 
manganese dioxide coating has dried. The process 
involves placing the MnO, coated paper in a vacuum 
chamber where it is evacuated to .2u, followed }y 
the evaporation of an opaque aluminum coating from 
an aluminum covered filament which is electrical], 
heated to the vaporization temperature of the alumi- 
num. 

(d) The finished sheets of the final product are 
stored in 21°C temperature and 50 to 60 per cent 
relative humidity until they are cut into cells fo: 
assembly into batteries. 

(e) The moisture-proof conducting coating is com- 
posed of a mixture of 1.5 g of acetylene black and 
7.0 g of ethyl methacrylate and vinylite resin mix 
ture. This is thinned to a paint consistency wit! 
methyl isobutyl ketone. 


Discussion oF RESULTS 


Fig. 1 shows the performance of the British typ 
pile under a fixed load to give an initial current oi 
0.035 microamperes. There is an immediate 100-\ 
drop in voltage when the load is applied and afte: 
the 7-day test the open-circuit voltage does no! 
return to the original value. 

For a comparison with the British cell the prelim: 
nary cells developed in this investigation were (is 
charged in a series of individual cell tests at loads o! 
2.2 x 10’ and 10° ohms. Fig. 2 shows tie characteris 
tics of cells with magnesium, aluminum, and zi 
negatives as compared with the British cell whe 
subjected to a load of 2.2 x 10’ ohms. Cells with 
magnesium and aluminum anodes were discharged 
for 30 days while the British cells lasted for on!) 
one day. Similarly Fig. 3 shows the effect of dis 
charges on loads of 10° ohms. These results indicated 
that changes in composition would improve the pe! 
formance of the Zamboni type of cell over that o! 
the British. 

In order to improve the performance of the Zam- 
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oni of cell several modifications were 
onsidered essential. First the MnO» must be made 
jucting so as to furnish a better intercell 
onnection. Secondly, a more conductive electrolyte 
aust be used which is capable of operation over a 
de range of temperatures and capable of main- 
ining its moisture content. Thirdly, the paper used 
the base for the coating must be of such a texture 
that no MnO, will penetrate the paper to cause an 
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Fic. 2. Discharge characteristics of cells with various 
odes under a load of 2.2 x 107 ohms. (1) Magnesium nega- 
ve, (2) aluminum negative, (3) zine negative, (4) British 
| with tin anodes for comparison. 
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Fic. 3. Discharge characteristics of cells with various 
etal anodes under a load of 16° ohms. (1) Magnesium nega- 
ve, (2) aluminum negative, (3) zine negative, (4) British 
‘ll with tin anodes for comparison. 


iternal short with the metal negative. Fourthly, a 
‘ght metal-to-paper contact must be maintained so 
here is a continuous electrolyte path between the 
MnO. and metal negative. Finally, the intercell 
mnection must be conducting and waterproof so 
hat no shorting will take place between the moist 
MnO» coating and the metal negative. 

These objectives have been accomplished in the 
ell described above. The MnO» mixed with carbon 
‘lack has resulted in a much lower intercell resist- 
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ance. The ethylene glycol-water solution with AICI, 
absorbed in the viscose-impregnated paper tends to 
stabilize performance over the temperature ranges 
of —30° to +45°C and at various discharge rates. 
The molecularly diffused aluminum produces a 
metal-to-paper bond which will not become defective 
even under high humidity conditions. The use of a 


€ 


Fig. 4. (1) 1.27-em diam cell, (2) 1.9-em diam cells show- 
ing aluminum side (left) and MnQz side (right), (3) 1.27- 
cm diam cell battery, 150 v, (4) 1.9-em diam cell battery, 
150 v, (5) 1.9-em diam cells in special plastic case for 100-v 
unit, (6) standard 800-cell British made Zamboni pile, 1.9- 
em diam cells with a voltage of 5.75 v. 


WEEKS 


Fic. 5. Voltage characteristics of a 138-v battery of 1.9- 
em diam cells using methylcellulose electrolyte. Continu- 
ously connected across a 0.035 uf plastic condenser in series 
with 10° ohm resistor. 


vinyl-methacrylate lacquer mixed with acetylene 
black to protect the aluminum surface from moisture . 
at the MnO, intercell junction gives a very low re- 
sistance intercell connection. The cells must be cut 
with a self-sharpening die so there is no pull over of 
material or rough cut edges of the paper. The cells 
are assembled immediately in the plastic container, 
placed under a spring pressure of 2 to 3 psi and 
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sealed. It is important that the pressure is not ex- 
cessive since this causes the edges to overlap and 
short-circuit the cells. 


Fic. 6. Voltage characteristics of a 138-v battery of 1.9- 
em diam cells using methylcellulose electrolyte. Continu- 
ously connected in series with 9 x 10’ ohm resistor. 


DAYS 


TABLE I. Performance of batteries made with ethylene 
glycol electrolyte over the temperature range of +20° to 
—30°C at various currents expressed in per cent of initial 
voltage at 20°C 


Initial current drain 


Temp 
10-* amp 10-” amp amp 
+20 100 100 100 
+4 88 98 99 
—18 48 | 94 98 
—30 28 88 97 
15 
100 
A 
VOLT$ 


TIME ~ DAYS 


Fic. 7. Discharge characteristics of 100-cell batteries 
under continuous drain of: (A) Resistance of 1 x 10" 
ohms, (B) resistance of 1.3 x 10" ohms, (C) resistance of 
3.6 x ohms. 


Two different sizes of cells have been made for 
test purposes. These are 1.27 em (.5 in.) and 1.905 
em (.75 in.) in diameter. The cell thickness ranges 
from .17 to .25 mm. Fig. 4 shows the appearance of 
the cells and assembled batteries used in various 
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tests along with the standard British pile. ‘|e Britig 
cells are about .l-mm thick. 


The present design of cell gives 150 v for 2.54 7 
(1 in.) length of stack as compared to 110 y for 4), > 
same length of the British type cells. It is importan: L. ¢ 


that the material used to house the pile be of hig 
electrical resistance and low moisture adsorptio, 
Plastics which gave a discontinuous moisture {ily 
when wet were used. 

Fig. 5 shows the average result of two tests oye: 
a period of 14 weeks on the standard methylcellylog 
electrolyte 138-v battery connected to a 035.4 
condenser in series with a 1000-megohm resisto, 
This battery was not hermetically sealed so it was 
able to absorb moisture from the air. This increased 
its conductivity which resulted in a gradual rise jy 
the load voltage. Fig. 6 shows the same type 138. 
battery connected to a .035 mfd condenser in series 
with a 90-megohm resistor for 17 days. In both cases 
the tests were discontinued because the performance 
more than met the time requirements. Table I shows 
the performance of piles made with the ethylene 
glycol electrolyte over the temperature range of 
+20° to —30°C. 

Fig. 7 gives the performance of batteries made with 
the ethylene glycol electrolyte under a fixed resist- 
ance load for a 30-day period. The actual initial 
current ranges from 11.4 x 10~'® to 1 x 10°. 


CONCLUSIONS 


The results of this investigation have shown that 
an MnO,-aluminum couple using either AIC! 
methylcellulose-water or AlC];-gelatin-ethylene gly- 
col-water electrolyte gives satisfactory piles of th 
Zamboni type. Both give the desired performance 
for various current drains and the latter electrolyte 
also gives good performance at low temperatur 
Shelf-life tests show that molecularly diffused alum- 
inum is durable and that cells have been constructed 
that give at least a year to 18 months satisfactory 
shelf life to date. 
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uitial A L L o R Y 6 AT T r 4 j E $ The ring seals illustrated are a special compound of 


conta i n neoprene rubber molded to close tolerances without 
flash. These seals are being used by the P.R. Mallory 


that njection Mold od Seals and Company, Inc. in batteries for use in hearing 


aids, “Walkie-Talkie’” equipment and dictating 
machines. Very close tolerances must be maintained. 
ra It’s another example of Minnesota Rubber’s well- 
ance Pea known injection molding process at work. 
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Willard 


has the longest experience 
in the development and 


manufacture of 


Plastic Container 


—6—2B 
6 AH 


STORAGE BATTERIES 


This experience is at your disposal NOW... 
to help you meet specialized power needs! 


INCE before World War II, Willard engi- 

neers have been active in the development 
and manufacture of many types of plastic con- 
tainer storage batteries—both independently 
and in cooperation with the nation’s Armed 
Forces. To those whose specialized power 
problems may be answered best by such bat- 
teries, Willard now has the most to offer—in 
experience, in technical “know-how”, in re- 
search and in manufacturing facilities. 


In addition to electrolyte-retaining lead acid 
types, Willard has produced silver peroxide- 


12 OUTSTANDING ADVANTAGES OF 
PLASTIC TYPE STORAGE BATTERIES 


1. Light weight 
2. Compact, space-saving 


3. More economical be- 
cause they are 
able 


4. Non-spilling 
5. Wide range of physical 
sizes 


6. Wide range of electrical 
capacities and voltage 
range 


7. Shock-resistant con- 
tainers 


TYPE ER—32—2 


2 Volt 32 AH 2 Volt 34 AH 


TYPE ER—34—2 


zinc and copper chloride-magnesium types in 
plastic containers to provide specific advan- 
tages in portable equipment. Single or multiple 
cell plastic units may be molded and combined 
in an almost infinite range of sizes. 


Considerable technical data on plastic con- 
tainer storage batteries for specialized appli- 
cations is available and will be furnished on 
request. To undertake the development of a 
new type, Willard engineers require only in- 
formation on physical dimensions, electrical 
requirements and service conditions. 


6 Volt 22 AH 


WILLARD STORAGE BATTERY COMPANY 


Factories in: Cleveland + Los Angeles + Dallas *« Memphis + Portland + Allentown + Toronte 


i 
| 
4 | 
level always apparent 25—2 2 Volt 
9. State of charge always 2 Von 
gravity ball float 
10. May be operated in any 
¥ 11. Can be produced to func- ° 
} 
2 Volt th\\ 
2.2 AH ay 
IN 
7 


